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Abstract 1	  

Antifreeze proteins (AFPs) are a novel class of ice-binding stress response 2	  

proteins produced by organisms which experience freezing at some point within their 3	  

respective life histories. These proteins are structurally and evolutionarily diverse, are 4	  

found in a range of different organisms, and are often related to stress or pathogen 5	  

response proteins. AFPs are found in certain plant species, many of which are within the 6	  

Poaceae family of monocotyledonous plants and are largely found within the Pooideae 7	  

subfamily. Lolium perenne, (Lp) the perennial ryegrass, produces an antifreeze protein, 8	  

LpAFP, and, like many plant AFPs, it does not dramatically depress the freezing point. 9	  

However, LpAFP demonstrates great capacity in ice recrystallization inhibition (IRI). 10	  

This robust IRI has led to interest in industrial applications of this protein, from 11	  

cryoprotection to use as a frozen food additive, and most notably, to its potential use in 12	  

transgenic crop enhancement. LpAFP has potential for crop enhancement strategies since 13	  

its superior IRI allows controlled intercellular ice crystal formation, thus limiting the 14	  

cellular membrane damage caused by freeze-thaw events. This thesis has generated a 15	  

greater understanding of the nature of LpAFP, through selective characterization of its 16	  

recombinant and native states, functional analysis through attempted gene knockdown, 17	  

and investigation of its export pathways. In addition, it provides suggestions and 18	  

strategies to work towards the development of transgenic trait applications. 19	  

20	  
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Chapter 1 

Introduction and Literature Review 

Forage grasses, challenges and opportunities 

 Forage grasses cover more arable land than food crops globally; these grasses 

include those used as grazing ground for livestock, human recreation, and landscape 

aesthetics [33]. Due to their wide geographical range, forage grasses are exposed to a 

variety of environmental conditions including high to low temperatures. Conventional 

attempts at improving the attributes of these species are marred by the same issues that 

arise when attempting genetic studies of these organisms. They are genetically complex, 

often outcrossed polyploids which maintain multiple copies of genes and there is 

difficulty in the identification of true hybrids [25]. Furthermore, it has been shown that 

the genetic variation between individuals within populations can be almost greater than 

between members of separate species [38]. This presents a challenge when identifying 

species-specific traits such as stress response pathways.  

 To address these challenges, emerging molecular techniques have been utilized to 

both better understand genetic responses to abiotic and biotic stressors, as well as to 

engineer existing species so that they exhibit greater levels of hardiness [38]. Abiotic 

stresses to forage grasses include the extremes of temperatures associated with different 

seasons, as well as survival through drought and flood scenarios. Biotic stresses include 

bacterial, viral, fungal, and animal based attacks. The molecular techniques outlined by 

Zhang et al. (2006) have proven useful in identifying the complex nature of genetic 

responses to stressors, however, much work remains to fully understand these processes.  



	  

	  

2	  

Plants at low temperatures and antifreeze proteins 

 Low temperature brings with it the threat of freezing, a process which can cause 

damage to membranes and cell structures, often resulting in mortality. Freezing in plants 

is initiated in the extracellular space, in vascular tissues and the apoplast, where ice 

nucleation occurs more readily due to low solute concentration [35]. Cellular desiccation 

is caused by the loss of intracellular water from the osmotic gradient imposed by 

extracellular ice formation. As well as the plethora of low temperature response proteins, 

certain species of plants produce antifreeze proteins (AFPs) during times of low 

temperature-induced stress [10]. These proteins have been largely found within the 

Poaceae family of plants, and specifically, freeze tolerance is observed within the sub 

family Pooideae [25]. It has been shown that some ice active proteins (IAPs) are 

structurally similar to plant pathogen or stress-response proteins [25]. IAPs, ice 

restructuring proteins (IRP), or more commonly known as AFPs, have been shown to 

exist in certain other organisms including fish, insects, bacteria, and fungi [6].  

 AFPs have diverse structures and are categorized into different types with some 

designations debated, however, they are largely grouped as outlined by Davies and Sykes 

(1997). AFPs represent a complex group of ice binding proteins that are the products of 

multiple evolutionary origins [8]. Independent and competitive evolution between 

pathogens, surrounding environment, and host organisms have given rise to the types 

seen today, broadly grouped into “hyperactive”, moderate activity, and low activity AFPs 

([17]; Table 1.1). These AFPs have different capacities in interactions with ice structure 

and modifications of ice crystal growth [16]. Davies and Sykes (1997), Atici et al. 



	  

	  

3	  

(2003), Middleton et al. (2009), and Yu et al. (2010) review the multiple binding abilities 

of different types of AFP. 

 AFPs have distinct ice modification abilities; two that can be easily tested by 

laboratory assays are thermal hysteresis (TH) and ice recrystallization inhibition (IRI). 

TH is the generation of a temperature differential between the melting point and the 

freezing point of a solution. Simply put, the presence of AFPs allows a solution to reach 

temperatures below its normal freezing point by suppressing the growth of ice crystals 

[16]. After freezing, at temperatures near melting, large ice crystals are 

thermodynamically favoured to grow at the expense of smaller ones, deemed ice 

recrystallization (IR). AFPs have the ability to inhibit this growth, a phenomenon known 

as IRI [17]. Each AFP has TH and IRI activity, but some are more effective than others. 

Strikingly, there is no easy correlation between TH and IRI activity in AFPs [10; 36]. 

The mechanism of action for TH and IRI is still in the course of academic debate, 

however, it is largely believed that relatively hydrophobic external residues on flat 

surfaces of AFPs are able to irreversibly interact with the surface of a growing ice crystal 

[6]. Once AFPs have bound to the ice crystal, growth continues with the result that the 

otherwise flat surface of the ice crystal expands in a thermodynamically unfavorable 

convex manner around bound proteins [6; 16]. This is colloquially known as the 

“mattress button” hypothesis as the ice begins to resemble a mattress with dimples on its 

surface. The convex surface of ice in the presence of AFPs requires a greater 

supercooling than that required for unhindered ice to allow crystal growth.  

 A third morphological assay for AFPs is the observation of ice crystal shaping. 

Depending on the binding plane of the AFP in solution, ice crystals will have different 
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distinct morphologies ([28]; Table 1.1). Ice crystals bound by more active AFPs display 

a smaller “lemon shape” morphology and those bound by moderately active AFPs often 

show a bipyramidal shape [14]. Ice crystals undergo a cessation of growth based on 

temperature and concentration of AFP in solution. Crystal growth is hindered until the 

temperature of the solution is lowered past the TH capacity of the AFP, after which a 

burst of crystal growth is observed [28]. Plant and insect AFPs often show a more gentle 

“burst” whereas fish AFPs show possibly more damaging spicular growth [6]. 

 In vivo, the need for the prevention of ice crystal formation and growth is 

intuitive for motile creatures such as fish or insects that need to maintain both cellular 

metabolism and mobility for regular life functions during periods of sub-zero 

temperatures. However, plants, being sessile organisms, may need to use another 

strategy.  For example, it has been shown that the Lolium perenne antifreeze protein 

(LpAFP) has low TH ability, while the IRI is significantly higher than in other currently 

identified AFPs [38]. The relatively weak TH activity yet high IRI activity of LpAFP has 

been hypothesized to be indicative of the freezing survival strategy of plants ([16]; Table 

1.1). Rather than depress the point of freezing in tissues, it may be advantageous for 

plants to allow freezing, while controlling the growth of ice crystals. This strategy would 

allow apoplastic ice formation to occur, while preventing the membrane damaging 

effects usually associated with ice recrystallization [32]. In vivo, it has been shown that 

LpAFP can collect in the guttation fluid of the leaves of L. perenne during cold stress 

[31]. Guttation fluid contains mostly apoplastic proteins as it is the result of fluid 

pressure and movement through the apoplast [1]. Conceptually, it is intuitive that 

apoplastic ice shaping and IRI would be used as a survival strategy for a sessile grass. As 
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desiccation caused by extracellular ice formation in tissues can be mitigated by 

controlling the growth of this ice, it is proposed that LpAFP, through its high IRI, is able 

to prevent the osmotic stress and membrane damaging effects of excessive extracellular 

ice growth [38].  

LpAFP is a 119 residue protein which was proposed to have two ice binding faces 

[16]. More recently, in vitro mutagenesis experiments suggested only the “a” side of this 

protein is responsible for ice affinity [22]. Structurally, it has been proposed that LpAFP 

is folded into a right handed ß-roll rich in hydrophobic residues ([16]; Table 1.1). This 

structure is reminiscent of spruce budworm, Choristoneura fumierana (Cf), and beetle, 

Tenebrio molitor (Tm) AFPs, except that the repetitive T-X-T (where X can be different 

amino acids) is highly substituted in the LpAFP, possibly explaining its lower TH 

activity. The repetitive sequence involves a highly substituted NXVXG and NXVXXG 

repeat per turn, with threonine residues interspersed between these conserved peptides 

[16]. 

  The first AFP protein sequence identified from L. perenne tissue was published 

by Sidebottom et al. (2000). The deduced nucleotide sequence of this protein fragment 

has been used as a probe in bacterial artificial chromosome (BAC) [25] and expressed 

sequence tag (EST) [17; 29] screens of L. perenne to identify gene sequences with 

homology to that of the original protein fragment. Several protein coding sequences have 

been identified with C-terminal homology to the ice active fragment first identified [28]. 

Indeed it is the 119 aa repetitive fragment which is responsible for ice affinity and for 

simplification of nomenclature the “LpAFP” refers to this ice active protein sequence. 

Members of the LpAFP gene family demonstrate evolutionary relationships to the 
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leucine-rich repeat (LRR) of the phytosulphokine receptor kinase (PS)-like protein of 

Oriza sativa [25]. Interestingly, in silico modeling of some of these recently identified 

LpAFP homologous protein sequences seem to contain N-terminal apoplastic 

localization signals. As well, a disulphide cleavage site is found near the ice active region 

homologous to the original LpAFP fragment [15; 25]. Identification of upstream signal 

peptides and cleavage sites suggest an apoplastic functionality and localization, and may 

be the reason LpAFP was originally identified as a protein fragment lacking other N-

terminal sequences. 

 LpAFP is of interest for its potential industrial applications. Previous studies have 

shown that some AFPs, including LpAFP, can bind and inhibit growth of not only ice 

crystals but also crystalline structures known as gas hydrates [9; 24]. This phenomenon is 

of great interest to the oil and gas industry as spontaneous hydrate formation in oil 

pipelines can cause substantial losses, structural damage, and are a risk to human well 

being [37]. Furthermore, the capacity of LpAFP for IRI may have applications in the 

field of cryogenics and in tissue transport for organ donation [20; 30]. For food 

processing, LpAFP is of interest as it can be subjected to the temperatures required for 

pasteurization but still prevent IR when added to frozen deserts.  

Biochemical studies on the structure and ice binding relationship of the LpAFP 

have been illuminating. Unlike some other AFPs, LpAFP, is easy to express as a 

recombinant protein and shows a high level of ice activity. This property has facilitated 

the identification of important ice binding motifs [22]. However, little attention has been 

focused on the bioactivity of full-length LpAFP proteins in complex living systems. Of 

particular interest are the effects that N-terminal regions and sequence variability may 
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have on the function of this protein in its native tissue. Understanding the cellular 

localization and in vivo mechanisms of action will increase the potential of practical 

genetic strategies to improve freeze-tolerance of other plant species.  

Genetic manipulation of plants and applications for low temperature studies 

There are several gene transfer mechanisms to generate genetic modifications 

which have been used successfully in plants, including: electroporation, polyethylene 

glycol-mediated gene transfer, microinjection, particle bombardment, viral vectors, and 

Agrobacterium tumefaciens-mediated transformation [12]. Each technique has its 

benefits and downfalls. For example, viral vectors can only transiently express ectopic 

DNA localized in infected plant tissues. Biolistic transformation can result in the 

insertion of multiple gene copies into the host genome, and A. tumefaciens-mediated 

transformation requires antibiotics to control bacterial growth [4]. Furthermore, 

techniques which target embryonic tissues may require a vernalization period and 

stimulation of mating bodies, a process which can be labor intensive [2]. It has been 

found, however, that A. tumefaciens-mediated transformation of gene constructs into 

plant tissue results in the lowest number of repeat gene insertions, often only one or two, 

while also having the most stable insertion of foreign DNA [5]. Thus, A. tumefaciens-

mediated DNA transformation remains one of the most popular methods for plant genetic 

modification even in monocots such as L. perenne.  

To perform A. tumefaciens-mediated genetic manipulation on some plants, tissue 

must first be aseptically taken into a tumor-like callus state through a series of nutrient 

and hormone treatments, at which point it is transformed with novel DNA, and then re-

grown to mature plants through further hormone treatment [4]. Typically, when 
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transformations are conducted, a portion of the plasmid transfer DNA (T-DNA) bears a 

selectable marker such as antibiotic resistance [2; 4]. This allows only tissue which has 

the novel gene construct to proliferate on culture media. In plant transformation 

experiments, confirmation of T-DNA insertion may occur through sequencing and PCR, 

followed by the visualization of a phenotype associated with novel gene expression or 

through colour associated techniques such as beta-glucuronidase (GUS) expression [3]. 

Genetic transformation of AFP gene sequences  

 Genetic transformation of AFP sequences has been conducted in several 

organisms, including plants. Type I AFP sequences from winter flounder fish were 

transferred into potato and tobacco resulting in decreased electrolyte leakage after 

freezing of tissues [12; 32]. Insect AFP coupled with excretion signal peptides have been 

transformed into Arabidopsis thaliana. These did not result in improved freeze-thaw 

survival; a reduction in plant freezing temperature was observed [13]. Carrot AFP was 

expressed in tobacco leading to an increase in plant chill tolerance, however, not freeze 

tolerance [35]. Although all of these experiments were technically successful, none 

resulted in a practical genetically engineered plant that showed promise for better 

overwintering.  

It is recognized that the apoplastic space is the primary location of ice formation 

in freezing plant tissues, and it was observed that including an apoplastic localization 

signal with AFP transgenes resulted in a greater reduction in freezing temperature and 

electrolyte leakage [13; 32]. It can be postulated that localization is indeed an important 

factor in AFP functionality in freeze-tolerant plants and thus, that the difficulty in 

conferring a strongly detectible freeze-tolerance through genetic transformation may be 
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related to protein localization. However, it may be equally important for other low 

temperature stress response proteins to function in concert with AFPs in these organisms. 

It is still unclear whether freezing tolerance can be generated from single AFP gene 

transformation in host organisms that are not naturally frost hardy or whether these 

tolerances are the product of a combined low temperature-freezing stress response.  

Genetic knockdown studies as a tool to study AFP functionality 

 “Gene knockouts” are conducted in a variety of ways depending on the model 

organism. Until recently, the common method of “knocking out” genes in plant systems 

was through chemical treatment to induce chromosomal mutations resulting in loss of 

function mutations [21]. These processes, however, are random, and do not allow 

targeted gene analysis. Ribonucleic acid interference (RNAi), however, functions in viral 

defense and gene regulation in both plants and other eukaryotes, and as such, has become 

a valuable strategy for targeted gene knockdown [19]. RNAi can occur following the 

formation of double stranded RNA (dsRNA); either exogenous RNA inserted into a cell, 

endogenously expressed RNA which directly compliments another RNA molecule, or 

through RNA which forms a double stranded loop structure from folding onto itself [27]. 

These factors stimulate a regulation cascade acting on expressed sequences with 

homology to this dsRNA. Both exogenous and endogenous RNA processes are enacted 

upon by the same set of cellular machinery, creating a unique opportunity for targeted 

gene knockdown experiments for functional genomic studies [11]. RNAi functions 

through a complex series of processes which are outlined by both Hannon (2002) and 

Sharp (2001) so only a brief overview is covered here. The main steps of RNAi genetic 

control involve dsRNA associating with the enzyme Dicer, which processes dsRNA into 
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21-23 nt fragments known as small interfering RNAs (siRNA). These fragments then 

associate with the large RNA induced silencing complex (RISC) [11]. Gene expression 

knockdown can occur from mechanisms of post transcriptional gene silencing (PTGS) 

involving the targeting and degradation of cellular mRNAs which are homologous to the 

siRNA fragments associated with the RISC [27]. Alternatively, once siRNA binds to a 

mRNA, a blockage of translation at the ribosome can occur which prevents protein 

production [11]. As well, siRNAs can influence rates of transcription, as it has been 

shown that the RISC can act on the pathways which determine histone modifications, 

formation of heterochromatin structures, and methylation events [27;34]. It has been 

shown that it is possible to knockdown a family of similar genes with one construct in a 

plant system using a single RNAi construct [23]. This is an exciting prospect when 

attempting to eliminate a trait proposed to be the product of a small family of proteins 

exhibiting highly homologous coding sequences.  

  Gene knockdown strategies have been demonstrated in a variety of systems, 

including plants, to identify the contribution of specific genes to a phenotype. It is 

striking that in the decades of AFP research, the putative role that AFPs play in freeze- 

survival strategies has not been questioned. This is something that can now be addressed 

using RNAi technologies. The difficulty has been, in most organisms, that AFP genes 

exist in multiple (10s to 100s) of copies [7; 18; 26], However, in L. perenne, there is 

thought to be only a few copies or a small gene family [17; 25], making this organism an 

ideal candidate for such a study. 
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Research objectives and technical advantages of L. perenne 

 There is still much that remains to be learned about AFPs, perennial plants and a 

freeze tolerant strategy. The objectives of my thesis were first to partially characterize 

LpAFP and to examine gene number, transcript abundance, and protein function in 

relationship to temperature stress; secondly, to determine the importance of LpAFP to 

low temperature survival; and thirdly, to determine the abundance and localization of the 

transcribed products in planta. 

Due to the complex genetics of forage grasses, I pondered if a known diploid 

variety of L. perenne would contain some of the more recently identified LpAFP 

sequences as well as whether the original protein coding sequence. If so, I hypothesized 

that these could be amplified from genomic DNA through PCR [17; 25; 29]. It is 

postulated that geographic and genetic variability are likely responsible for the variety of 

LpAFP protein coding sequences that have been published. In light of this, in this thesis, 

a known diploid turf type of L. perenne was used to limit genetic redundancy and 

variability. Stress response protein genes are often expressed only during times of stress 

unless those proteins play other physiological roles [17]. It has yet to be determined 

whether recently identified LpAFP proteins are implicated only during low temperature 

stress responses or whether they are constitutively expressed. Assays of IRI activity can 

be coupled with RNA extraction during stress conditions to identify variance in transcript 

abundance as well as AFP activity in order to test the hypothesis that LpAFP gene and 

protein expression patterns are associated with low temperature exposure. 

 Since LpAFP gene copy number appeared to be low (Chapter 2), the high 

sequence homology of ice active coding regions of the predicted LpAFP protein family 



	  

	  

12	  

and the possibility for L. perenne to be transformed through A. tumefaciens-mediated 

genetic transformation. This system presents a unique model to test my hypothesis that 

AFPs are the limiting factor in freeze-thaw survival of freezing tolerant organisms.  

Overall, this thesis seeks to generate a better understanding of the biological role 

played by an AFP produced by L. perenne through the use of RNAi, low temperature 

gene expression analysis, and in vivo protein imaging. The information elucidated from 

these studies will hopefully show the role plant AFPs have in freeze-thaw survival and 

will provide insight into practical strategies to confer these traits through genetic 

manipulation to other plant species. 
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Table 1.1: A comparison of three different AFPs and their properties 
 
AFP CfAFP1,4 Type III AFP2,4,5 LpAFP3,4,5 
Origin Insect Fish Perennial grass 
Low temperature 
Strategy 

Freeze intolerant Freeze intolerant Freeze tolerant 

TH (˚C at 
0.5mg/ml) 

~2  
(hyperactive) 

~0.3  
(moderate activity) 

~0.1  
(low activity) 

IRI (nM)† 62.5 125 55.5 
Ice crystal 
morphology in the 
TH gap 

 

 

 

 

 

Mr 9-kDa 7-kDa 13.5 kDa 
Structure ß-helix globular, containing 

a flat loop 
ß-roll 

Gene copy number ~17 80-85 Few* 
1. Doucet et al. (2002) 
2. Jia and Davies (2002) 
3. Sidebottom, et al. (2000) 
4. Yu et al. (2010) 
5. Ohno et al. (2010)  
†  IRI assays are semi-quantified with the dilution end points, beyond which no IRI 
activity is seen, expressed in nM.  
*this thesis 
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Chapter 2 

Expression and characterization of an antifreeze protein from the perennial rye 

grass, Lolium perenne 

Abstract 

 Antifreeze proteins (AFP) are an evolutionarily diverse class of stress response 

products best known in certain metazoans that adopt a freeze-avoidance survival 

strategy. The perennial ryegrass, Lolium perenne (Lp), cannot avoid winter temperatures 

below the crystallization point and is thought to use its LpAFP in a freeze-tolerant 

strategy. In order to examine properties of LpAFP in relation to L. perenne’s life history, 

cDNA cloning, recombinant protein characterization, ice-binding activities, gene copy 

number, and expression responses to low temperature were examined. Transcripts, 

encoded by only a few gene copies, appeared to increase in abundance after diploid 

plants were transferred to 4 ˚C for 1-2 days, and in parallel with the ice recrystallization 

inhibition activities. Circular dichroism spectra of recombinant LpAFP showed three 

clear folding transition temperatures including one between 10 and 15 ˚C, suggesting to 

us that folding modifications of the secreted AFP could allow the targeted degradation of 

the protein in planta when temperatures increase.  Although LpAFP showed low thermal 

hysteresis activity and partitioning into ice, it was similar to AFPs from freeze-avoiding 

organisms in other respects. Therefore, the type of low temperature resistance strategy 

adopted by a particular species may not depend on the type of AFP. The independence of 

AFP sequence and life-history has practical implications for the development of 

genetically-modified crops with enhanced freeze tolerance. 
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Introduction 

 Antifreeze proteins (AFPs) are found in a variety of organisms, most notably 

certain fish, insect, plant and bacterial species that inhabit regions where they must 

survive sub-zero temperatures at some point in their life-cycle [10].  These proteins non-

colligatively lower the freezing point of solutions, a property termed thermal hysteresis 

(TH), and inhibit ice recrystallization (IR). Both of these activities result from the ability 

of these proteins to adsorb to and stabilize the surface of ice crystals [4].  In marine fish 

and insects, most known AFPs are presumed to play a role in freezing prevention and 

avoidance [22].  However, freeze avoidance is not an obvious strategy used in plants, a 

view which is also suggested by the observed low TH activity of known plant AFPs [14; 

44].  Rather, plant AFPs may serve in a freeze-tolerant life history by reducing the IR 

damage that would otherwise be wrought by the growth of ice crystals in frozen tissues 

[14; 25; 2]. 

 AFPs have been described and their corresponding sequences cloned from carrot, 

Daucus carrota [39], bittersweet nightshade, Solanum dulcamara [19], Antarctic hair 

grass Deschampsia antarctica [23] and a number of economically important cereal 

species, including winter rye, Secale cereale [17], barley, Hordeum vulgare, and the 

bread wheat, Triticum aestivum [43].  While these plant AFPs are structurally diverse, 

the wheat, hair grass and barley AFPs contain a domain homologous to an AFP sequence 

identified in the perennial ryegrass, Lolium perenne [38; 40; 26].  The published peptide 

AFP sequence of L. perenne (LpAFP; GenBank: AJ277399.1) consists of a partially 

conserved 7 amino-acid repeat with the consensus XXNXVXG (where X is a non-

conserved residue) and modeled as a β-roll with two repeats per turn [25].  Two wheat 
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AFP genes include a C-terminal domain with similarity to LpAFP, as well as N-terminal 

leucine-rich repeats [43].  Expressed sequence tags (ESTs) with similar sequence have 

been found in other grass species, but the gene appears to be limited to the Pooideae sub-

family of grasses [34]. It is absent from the published genomes of corn, Zea mays and 

rice, Oriza sativa. L. perenne EST and bacterial artificial chromosome (BAC) libraries 

include multiple sequences with C-terminal homology to the original LpAFP sequence 

[38] and some of these when expressed, show some ice binding activity [40; 26].  

 While recombinant LpAFP (rLpAFP) has been used to identify the ice-binding 

site of this protein [30], its characterization as well as the genomic structure and 

expression have received less attention. In organisms as distant as freeze-avoiding insects 

and fish, AFP genes are typically found in dozens of copies with diversity between 

isoforms [37; 27]. In contrast, ryegrass EST and BAC analyses suggest that there may be 

a small family of LpAFPs [38; 26; 40], however, the ploidy level of the parent grasses 

was not apparent. Here, we characterize the protein, gene copy number, and low 

temperature-induced expression in order to help understand the role of LpAFP in a 

freeze-tolerant strategy.  

Materials and Methods 

Plants 

 L. perenne seeds were obtained from commercial suppliers (Feed and Farm, 

Kingston, ON and Premier Pacific Seeds, Surrey, BC). Seeds from the latter supplier 

(variety: Pacific Seed Diploid) were used for copy number and expression studies. Plants 

were routinely grown in potting soil for 1-2 weeks in the Phytotron (Queen’s University) 



	  

	  

20	  

at 22 °C with a 12 h photoperiod until shoots were ~100-125 cm prior to 

experimentation. 

LpAFP cDNA Cloning 

Cloning the functional coding sequence of LpAFP was based on the known 

peptide sequence [38]. Flats of grass were transferred from 22 ˚C to 4 °C with an 8 h 

photoperiod for 2 weeks prior to RNA extraction.  Cold-acclimated grass shoots were 

ground under liquid N2 and total RNA extracted using the RNeasy Plant Mini kit 

(Qiagen, Hilden, Germany).  RNA quantity and quality were assessed 

spectrophotometrically prior to first strand synthesis.  Then cDNA was synthesized using 

oligo-(dT)17 ; reverse transcription was allowed to proceed for 1 h at 37 °C and the 

reaction stopped by heating to 70 °C for 10 min, according to the recommendations of 

the manufacturer (Fermentas, Hanover, Maryland). The cDNA product was used as the 

template for LpAFP-specific polymerase chain reaction (PCR) using primers LpAFP+ 

(5’-CATATGCATATGGATGAACAGCCGAATACGATTTC ) and LpAFP- (5’-

AAGCTTAAGCTTTTAAGCGTCTGTCACGACTTTG’) and Taq polymerase 

(Fermentas), for reagent concentrations see Appendix B. After 2 min at 94 ˚C, a PCR 

profile of 30 cycles was used with parameters as follows: 60 sec at 94° C, 60 sec at 65° C 

and 60 sec at 72° C, followed by a final extension for 7 min at 72° C.  Amplified 

products were separated on 1.7% agarose gels and visualized with ethidium bromide 

staining.   

A single DNA band of the appropriate size (~400 bp) was extracted from gels 

using the Sephaglas Bandprep Kit (Amersham Pharmacia Biotech Inc., Baie d’Urfe, PQ, 

Canada). The eluted product was then quantified, cloned into plasmid vector pCR4-
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TOPO via TOPO-TA cloning and introduced into chemically competent TOP10 E. coli 

(Invitrogen Inc., Burlington ON, Canada). After the presence of the insert in plasmid 

purified from transformed colonies had been confirmed by PCR, the insert was 

sequenced in both directions using M13 vector-based primers. 

LpAFP recombinant expression, purification, and characterization 

The coding sequence corresponding to the mature protein was transferred into a 

pET24a (Invitrogen) expression plasmid, transformed into E. coli BL21(DE3) and 

subsequently induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG).  

Recombinant LpAFP bearing an extension encoding 6 His residues on the C-terminal end 

(His6) was produced in shake flasks, or if larger quantities were required, using a 3 L 

bioreactor (New Brunswick Bioflow 110 Bioreactor, Edison, NJ, USA), which after 

induction yielded cells at ~20-25 g/L. Cells were lysed chemically using Bugbuster 

reagent (Novagen, Darmstadt, Germany), or by heating to 95 °C for 5 min.  The 

centrifuged (10000 xg) lysate was subjected to two rounds of purification using either 

Talon Metal Affinity Resin (BD Bioscience, Mountain View, CA, USA) or Nickel-NTA 

Agarose (QIAGEN, Mississauga, ON, Canada). If chemical lysis was used, this was 

followed by heat treatment, as described, prior to subjecting the supernatant to reverse 

phase high pressure liquid chromatography (RP-HPLC) as previously described [30].  

Two discrete HPLC peaks were assayed for TH activity (see Results), the protein masses 

were determined via matrix assisted laser desorption /ionization- time of flight (MALDI-

TOF) mass spectrometry and subjected to amino acid analysis (Sick Children’s Hospital, 

Toronto, ON, Canada).  Alternatively, ice affinity purification (IAP) [25] was substituted 

for RP-HPLC. Purification was followed by electrophoresis on 15% SDS-
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polyacrylamide gels (SDS-PAGE; [30]) stained with Coomassie brilliant blue G-250. 

The presence of the recombinant protein was verified by western blots using polyclonal 

His-tag antiserum (Vector Laboratories, Burlington, ON, Canada) according to the 

manufacturer’s specifications. Activity was monitored throughout purification. 

Ice associating activity was determined using either TH or IR inhibition activity. 

TH activity was determined using a Clifton nanolitre osmometer as previously described 

[5]. rLpAFP was assessed at protein concentrations between 0.05 and 2.5 mg/mL 

routinely using cooling rates of 0.07 ˚C/min (but also 0.02 ˚C/min). IR inhibitory activity 

was assayed by both capillary [42] and splat [24] methods as previously described. For 

the assay of leaf supernatants or guttation fluid, extracts were diluted 1:2 and prior to 

loading into either IR apparatus. Type III AFP (3.7 mg/ml) was used as a positive control 

and suspension buffer (50 mM Tris-HCl, pH 7.5) as a negative control. All assays were 

done three or more times. 

Circular dichroism (CD) was used to elucidate the secondary structure and to 

assess if folding was temperature dependent. CD measurements were taken of rLpAFP 

(2.5 mg/mL), using a short path-length cuvette across a range of wavelengths (180 to 260 

nm) with a RSM 1000 (Olis Inc., Bogart, GA). A minimum of three scans were averaged 

at all sample temperatures, starting at 4 °C, and increasing to 10 °C and then at 5 °C 

increments to 40 °C and finally 50 °C and 60 °C.  To assess refolding after heating to 60 

°C, the cuvette was cooled back to 4 °C for 12 h and then re-scanned at 4 °C.   

Native LpAFP Characterization 

Initial purification of the native protein used 50-100 g of leaves prepared as 

described for the RNA extraction. Soluble proteins were extracted by mixing with equal 
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volumes of 10 mM Tris-HCl pH 7.5, 25 mM NaCl at 4 ˚C for 30 min followed by 

centrifugation at 8000 x g for 10 min. After heating the supernatant at 95 °C for 5 min 

and centrifugation at 10000 x g for 30 min, the resulting supernatant was subjected to ice 

affinity chromatography, as indicated.  

For LpAFP expression profiles, leaves (0.1 g) were collected from flats kept at 22 

˚C under the described conditions, as well as after transfer to 4 ˚C for 24 and 48 h. 

Samples were also collected when grass, exposed to 4 ˚C for 48 h, was returned to 22 ˚C 

for 48 h and 5 days. Leaf tissue was ground in liquid N2, put in suspension buffer, 

centrifuged at 10000 x g at 4 ˚C for 10 min and then stored at -20 ˚C until assay. 

Supernatants were serial diluted (sequential 1:2 ratios) before IR assay to minimize any 

effects of other plant solutes.  

Cold acclimated (4 ˚C for >2 weeks) plants were induced to produce guttation 

fluid by placing the flats inside ventilated black plastic bags overnight (~16 h) at 4 °C.   

Droplets of guttation fluid at the tips of leaves were collected using a 50 µL glass 

capillary tube.  The fluid was then assayed for TH and IR inhibition activity as described.  

Cold acclimation expression profiling and gene family analysis 

 Transcript abundance was estimated using reverse transcriptase PCR (RT-PCR). 

Primers (available upon request) set within the protein coding sequence of all available 

published LpAFP sequences were employed in experiments to amplify the corresponding 

DNA from diploid L. perenne, isolated with the DNEasy Plant Mini Kit (Qiagen). Those 

primers that were used successfully (see Table 2.1) were subsequently used for semi-

quantitative RT-PCR. RNA was isolated as described, from leaves collected at the same 

time as those used for protein expression profiles, as indicated. RNAs (~30 ng/µl) were 
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used to generate cDNAs with oligo (dT)17  using Superscripttm II Reverse Transcriptase 

kit (Invitrogen) according to the product protocols. Generated cDNAs were then used as 

templates for PCR with gene specific primers (Table 2.1) under the following conditions: 

2 min at 94 ˚C, 30 cycles of 30 sec at 94 ˚C, 30 sec at 57 ˚C, 1 min at 72 ˚C, final 

extension 10 min at 72˚ C. The relative abundance of the amplified products was 

normalized relative to α-tubulin cDNA control [41].   

 Gene copy number was initially investigated with PCR using primers used for the 

expression profiling. Gene copy number was subsequently assessed with DNA derived 

from a known diploid variety and isolated from either single plants or from callus 

cultures derived from these plants in Southern blots. The cDNA corresponding to the 

Sidebottom [38] coding region was labeled by nick-translation [33]. Purified DNA (as 

described) was digested with the restriction enzymes HindIII, NcoI, NdeI, and BglII. 

After electrophoresis on 1% agarose gels, the DNA fragments were capillary transferred 

to nylon membranes and Southern blots were conducted as described [33]. 
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Results 

Recombinant expression and purification 

PCR amplification of L. perenne cDNA and cloning followed by sequence 

analysis demonstrated the presence of the LpAFP coding region as deduced by the near 

identity (118/119) of the conceptually translated residues to the published protein 

sequence (GenBank: AJ277399.1) [38]. After purification, rLpAFP, with a predicted 

molecular mass of 13.5 kDa, appeared to co-migrate with the 25 kDa marker protein on 

SDS-PAGE (Fig. 1A, upper panel). Antiserum to the poly(His) tag was used to confirm 

the identity of this band as rLpAFP (Fig. 1A, lower panel). Nevertheless, two protein 

peaks observed after RP-HPLC (Fig 1B) had masses closer to the predicted mass (13484 

Da and 13552 Da), as determined by MALDI-TOF. Subsequent amino acid analysis (not 

shown) revealed that the lower molecular weight protein corresponded to the expected 

composition for LpAFP. It is not known why rLpAFP migrates in electrophoretic gels at 

a position corresponding to proteins with a higher mass, but it is most likely due to its 

biased amino acid composition. Indeed, other AFPs with atypical amino acid 

compositions have previously been reported to exhibit aberrant gel migration (e.g. [9]).  

When ice affinity chromatography or IAP (Fig. 1C) was substituted for RP-HPLC 

as the final purification step, a single protein of the correct mass was recovered and this 

method of purification was routinely adopted. TH assessments of these purified 

preparations routinely showed ~ 0.3 º C (at 1.5 mg/ml protein) at either of the cooling 

rates used (Fig. 1D), and corresponding to a typical low activity AFP and LpAFP in 

particular [30; 31; 38].  IR inhibition of the purified rLpAFP was detected in the range of 

200- 25 nM, similar to that observed for fish type III AFP (not shown). 
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The proportion of properly folded, active protein in purified rLpAFP preparations 

was assessed by multiple rounds of IAP. Initial IAP resulted in a mean partition 

coefficient 0.40 (Fig. 1C). Using the first ice fraction in a second round of IAP resulted 

in an improved mean partition coefficient of 0.75 (not shown) suggesting that twice IAP-

purified LpAFP was better folded. This observed difference in partition coefficient is at 

the lower end of the known range for fish and insect AFPs [29].  

Proper folding was more accurately assessed using CD analysis. Three clear 

folding transitions were observed: between 10 and 15 ˚C, between 20 and 30 ˚C, and 

between 50 and 60 ˚C (Fig. 2A). At the highest temperature, the spectrum suggested a 

random coil, or the complete unfolding of the protein.  When the sample was returned to 

4 ˚C after heating to 60 ˚C, it appeared that only a portion had refolded (Fig. 2B). 

Deconvolution of the initial 4 ˚C spectrum was used in an attempt to determine the 

secondary structure composition of the recombinant protein, and when compared to the 

library of proteins whose tertiary structure (and hence secondary structure composition) 

is known, the results suggested a high level of β-sheet structure. However, confirmation 

awaits NMR or X-ray crystallographic studies.  

Native protein characterization and expression profiling 

Native LpAFP from grass extracts was partially purified and characterized. In 

contrast to the success with rLpAFP, native LpAFP could not be purified to homogeneity 

using IAP. Repeated observations using partially purified preparations, with typically 

more than 0.13 ˚C of TH activity (corresponding to ~ 0.3 mg/ml rLpAFP; Fig. 1D), could 

not be further purified using this method since there was no detectible TH activity (or 

ice-shaping) in the melted ice-fraction after IAP.   
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Guttation fluid produced by cold-acclimated ryegrass possessed both TH and IR 

inhibition activity (not shown), consistent with the localization of LpAFP to the 

extracellular space of the leaves. Similar to TH assays, IR inhibition activity assays were 

positive in cold-acclimated grass samples; clear evidence of activity was seen after 48 h 

at 4 ˚C and some activity remained for 48 h after a return to 22 ˚C, using either capillary 

or splat assays. However, 5 days after the return to the higher temperature, no IR 

inhibition was observed (Fig. 3).  

The temperature-dependent activity profile was further explored by designing and 

subsequently screening primers for their ability to amplify cDNA from diploid L. 

perenne. Primers that were used successfully corresponded to LpAFP and other “ice-

associating” sequences reported by Sidebottom et al. (2000) [38], Spangenberg et al. 

(2007) [40] and Kumble et al. (2008) [26]. RT-PCR analysis showed that the primers 

corresponding to sequence AJ277399.1 amplified transcript sequence that appeared to be 

at a low, relatively constant level, at all sampled times but was most abundant after 24 or 

48 h at 4 °C (Fig. 3). The primers based on the other sequences (LpIRIb, IAP2 and IAP3; 

see Table 2.1) amplified transcript sequence that was apparent in leaves transferred to 4 

°C for 24 h but levels of these messages appeared to increase further after 48 h in the 

cold (Fig. 3). The levels of these latter transcripts dropped in leaves after transfer of the 

plants to 22 °C for as little as 48 h.  

Gene analysis  

 Gene copy number was estimated using Southern blots (Fig. 4). A cDNA 

corresponding to the coding region of AJ277399.1, and with high identity to the C-

terminal region of other published LpAFPs, showed that there were at most a few copies 
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of the corresponding sequence present in the genome of diploid plants (Fig. 4). Initial 

PCR analysis with genomic DNA from diploid plants showed that amplification products 

were detected with primers based on only four of the sequences (Table 2.1), and not to 

other published and patented sequences with reported homology to those listed.   

Discussion 

 For the most part, AFPs have been characterized from metazoans with a freeze-

avoiding strategy [22]. In contrast, LpAFP may confer some protection from damage 

associated with freezing conditions [44; 25; 2], either through the winter in perennial 

tissues or from spring frosts in the young shoots of annual tissues. We assume that these 

proteins must interact with, and adsorb to the surface of ice crystals located outside cells.  

Guttation fluid, which results from overnight transpiration in the plant, preferentially 

contains extracellular, rather than cytoplasmic proteins [15]. By sampling the guttation 

fluid of cold-acclimated grass, we have some evidence for this extracellular localization 

of LpAFP, and this concurs with the reports of activity in the apoplast [34]. As well, 

since freezing may be inevitable for these plants, there is presumably little to be gained 

from high levels of TH activity, and cold-acclimated ryegrass with TH values of ~0.1 ˚C, 

meet this expectation.  Expression of the recombinant protein verified that the cloned 

cDNA encoded a 13.5 kDa LpAFP (as determined by MALDI-TOF) with similarly low 

TH activity levels of 0.3 ˚C at 1.5 mg/mL (Fig. 1D).  

IAP was successfully used to purify rLpAFP. However, since the production 

temperatures used to produce the recombinant protein were higher than the first 

unfolding transition as revealed by the CD spectra (Fig. 2), it is likely that initially not all 

of the protein was correctly folded. Re-partitioning of the material incorporated in the 
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first ice-fraction resulted in an almost two-fold increase of the partition coefficient to 

0.75, but this is still lower than the IAP values of 0.9-1.1 that have been reported for the 

better known fish and insect AFPs (Fig. 1C; [29]). Curiously, the native protein was 

distinct from the recombinant protein in this regard since it could not be recovered by 

IAP. This was true for all independent protein preparations derived from cold-acclimated 

grass extracts. LpAFP could not be purified from native grass extracts. Originally it was 

thought that post-translational processing would be a contributing factor, however, it has 

been clearly demonstrated that glycosylation of this protein does not hinder its ice 

binding activity [31]. Nevertheless, it is possible that the lower affinity of LpAFP 

towards polycrystalline ice adsorption, in addition to its low TH activity, are 

characteristics of freeze-tolerant species.   

 Although the 3-D structure of LpAFP has not yet been determined, the CD 

analysis (Fig. 2) generally supports a β-roll model [25]. As part of the purification 

protocol, the preparation was heated to 95 ˚C and subsequently recovered activity (see 

Methods and [38]), and therefore it is curious that while rLpAFP retained at least some of 

its activity after this treatment, CD profiles showed evidence of fold modification at 

temperatures between 10 and 15 ˚C. A partial unfolding of LpAFP at 15 ˚C is irrelevant 

to in vivo ice crystal modifications as these occur at much lower temperatures. Other 

AFPs also lose activity after heating, particularly the high TH activity AFPs from winter 

flounder fish and the snow flea [29; 13]. These latter proteins have been modeled as α-

helix and polyproline type II helices, respectively, and they are completely distinct from 

any known plant AFPs [28; 21]. The β-roll model for LpAFP originally suggested that 

LpAFP could have two opposite ice-binding faces, leading to speculation that due to the 
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“double ice face”, IR inhibition activity might be superior to fish and insect AFPs, even 

though the protein had low TH activity [25]. Subsequent in vitro mutagenesis studies, 

however, support a single ice-adsorption face [30]. It has previously been shown that the 

ice binding face (IBF) of an AFP is the site of both TH and IRI, although these activities 

are not tightly correlated [46].   

 We speculated that high copy number and a variety of isoforms could be 

important for the overall higher levels of TH observed in certain fish and insect species 

[10]. Admittedly, this is not always the case as fish type II AFP is present in low gene 

copy number and demonstrates moderately high TH [16]. Southern analysis of 

commercial diploid L. perenne showed that the sequence (AJ277399.1) is present in only 

a small number of copies within the genome. The fact that we could not use genomic 

DNA of diploid origin to amplify several other published EST, BAC, and patented 

sequences indicates that some designated ice-active protein sequences from L. perenne of 

differing origins may not be present in all varieties. This heterogeneity may be the 

product of polyploidization, since it is well known that ploidy level can influence gene 

copy number and isoform abundance [35]. Taken together, Southern analyses (Fig. 4) 

and BAC sequencing [34], as well as estimates obtained by EST libraries [26], indicate 

that this freeze-tolerant species has far fewer ice-active gene copies than the dozens and 

even hundreds of AFP gene copies found in many of the freeze-avoiding metazoans 

analyzed to date [36; 37; 6; 27; 1; 8].   

            Freeze-intolerant organisms often show complex AFP gene expression patterns, 

with distinct transcripts encoding isoforms present at different times in development, and 

under different temperature, light level, humidity and hormonal conditions [18; 11; 20; 1; 
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12; 32]. In contrast, transcripts of LpAFP and the other ice-active genes studied here 

appeared to quickly accumulate to high levels at 4 ˚C and decreased again when plants 

were transferred to 22 ˚C (Fig. 3).  Evidence of IR inhibition activity paralleled these 

transcript abundance estimates, with no IR inhibition found in plants that were either not 

cold stressed or moved, post cold stress, to ambient conditions for extended times. These 

results are similar to those obtained from D. antarctica [23]. CD assessments 

demonstrated LpAFP modified its fold above 15 ºC (Figure 2A). This could allow the 

targeted degradation of the protein after exposure to higher temperatures in vivo and may 

account for the absence of activity even in the presence of the observed “constitutive” 

LpAFP transcripts at ambient temperatures (Figure 3).  

        The partial characterization of LpAFP presented here represents an initial effort to 

understand the role AFPs play in very different life history strategies. Ironically perhaps, 

although distinct in TH activity and IAP properties, as well as the number of gene copies, 

the proteins from L. perenne appear rather similar to some of their better-known 

counterparts from freeze-avoiding organisms with respect to their activity in IR 

inhibition, the morphology of the ice crystal shape in the hysteresis gap, their CD 

spectra, their extracellular location and their regulated expression. We postulate, 

however, that the lack of isoform complexity in these freeze-tolerant plants may help 

contribute to lower overall organismal TH values. Indeed, some polyploid L. perenne are 

considered more “cold hardy” than certain diploids [45] and this could be at least 

partially due to the decreased complexity of the AFP genes in the latter plants. Given the 

interest in transferring AFP sequences to plants of commercial value, we suggest that a 

multigene cassette with low temperature inducible promoters may be advantageous over 
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single gene insertions to confer low temperature tolerance in transgenic crops. However, 

freeze tolerance is such a complex, multifactorial trait [36] that the transfer of a single 

protein type, even in multi-isoform copies, is unlikely to be all that is sufficient to 

dramatically affect the phenotype. Indeed, this work supports the hypothesis that the type 

of strategy adopted by organisms, either freeze-avoiding or freeze-tolerant, may have as 

much to do with other proteins than with the AFPs themselves.  
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Figures and Tables 

Table 2.1. Primers used successfully in this study. Genes and primers which did not 

produce amplified products are not shown. 	  

 

Gene	  
Amplified	  

Primer	  
Name	  	  

Sequence	  5’-‐3’	   Genomic	  
Sequence	  
Length	  (bp)	  

Nucleotides	  
Amplified	  

Product	  Size	  
(bp)	  

GenBank	  
AJ277399.1	  
(LpAFP)	  

LpAFP_FW	   GATGAACAGCCGAATACGATTT
CTG	  

	  
	  

357	  

	  
	  

1-‐357	  

	  
	  

357	  
	   LpAFP_RV	   TTAAGCGTCTGTCACGACTTTG

TTG	  
Spangenberg	  et	  
al.	  2007	  LpIRIb	  

LpIRIb_FW	   CTTACATAGCTGAACCAATGGA
GA	  
	  

	  
980	  

	  
1-‐980	  

	  
980	  

	   LpIRIb_RV	   GTGATGCTATATCCACGAAGTT
ACAT	  

Kumble	  et	  al.	  
2008,	  IAP2	  

IAP2_FW	   GCAACGTCGTGGTCG	   	  
980	  

	  
104-‐838	  

	  
734	  

	   IAP2_RV	   TTAACCATCTGTTACGACTTT	  
Kumble	  et	  al.	  
2008,	  IAP3	  

IAP3_FW	   GCGACGTCGTGCCACCTG	   	  
1084	  

	  
116-‐905	  

	  
789	  

	   IAP3_RV	   TCATTCATCTCCTGTCACGAG	  
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Figure 2.1: Purification and initial characterization of recombinant LpAFP. A. A 

representative electrophoretic gel stained with Coomasie Blue showing the purification 

of LpAFP using metal and ice affinity chromatography. The positions of the 25 kDa and 

15 kDa marker proteins (M) are indicated with arrows. The progression of the 

purification steps included elution from two nickel columns (N1 and N2), heat 

denaturation (B) followed by reverse-phase HPLC or ice affinity purification, either in 

one or two steps (P1 and P2). The lower image shows a western blot from another gel, 

with a single ice partition step, probed with antiserum to poly(His), showing prominent 

bands corresponding to the positions of the stained bands in the gel. B. A representative 

reversed-phase HPLC profile of the partially purified rLpAFP preparation (to the heat 
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denaturation stage) showing two protein peaks of 13484 and 13552 Da, with the former 

peak showing an amino acid composition corresponding to the cloned sequence. C. 

Partitioning coefficients of the ice affinity purification comparing the rLpAFP protein 

(Lolium), with data taken from [29] and showing the AFP from the insect Tenebrio 

molitor (Tm), either wild type or mutant, as well as the fish type III AFP (in the left 

panel). D. Ice-associating activity assays of rLpAFP. Different concentrations of purified 

protein were assayed for thermal hysteresis (TH) activity at a cooling rate of 0.07 

˚C/min. Assays were done at least three times and means and standard errors are shown.  
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Figure 2.2. Circular dichroism spectra for purified rLpAFP at different temperatures. 

The upper panel (2 A) shows representative spectra taken at a range of temperatures (4 

˚C to 60 ˚C) and the lower panel (2 B) shows spectra obtained from protein at 4 ˚C, 

which was then moved to 60 ˚C and subsequently returned to the lower temperature. 
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Figure 2.3.  Ice-association activity and LpAFP transcript levels in perennial ryegrass at 

4 ˚C or 22 ˚C. Ice recrystallization (IR) inhibition assays on serial dilutions of grass 
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extracts obtained from flats kept at 22 ˚C for 24 h and 48 h after transfer to 4 ˚C. After 

being at 4 ˚C for 48 h, the flats were moved to the higher temperature for 48 h and 5 

days. Fish AFP (type III AFP) and buffer (50 mM Tris-HCl) was used as positive and 

negative controls, respectively. Capillary and splat IR inhibition assays images were 

captured after flash freezing the samples at -50 ˚C (0 h) and after annealing at -6 ˚C for 

20 h. The middle panel shows transcript levels corresponding to different ice-associating 

sequences found in the L. perenne diploid variety used in this study. RNA was isolated 

from grass harvested as described above and used in reverse transcriptase PCR 

experiments with primers corresponding to LpAFP sequences reported [38], LpIRIb 

sequences reported by [40] and IAP2 and IAP3 sequences reported by [26] in panels a, b, 

c and d, respectively. Panel e depicts transcript abundance of L. perenne α-tubulin [41] as 

a loading control.  
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Figure 2.4. Southern blot of purified DNA from L. perenne leaves from a monogenic 

tissue culture line using a radiolabelled probe made from the known 357 bp AJ277399.1 

LpAFP sequence [38]. Approximate DNA molecular weight markers are indicated with 

arrows on the image left side. 
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Chapter 3 

RNAi-mediated antifreeze protein gene silencing in Lolium perenne 

Abstract 

Antifreeze proteins (AFPs) have evolved independently in some organisms presumably 

in response to freezing temperatures within their respective life histories. AFPs are 

structurally diverse, each with distinct ice binding characteristics. Plant AFPs show low 

activity in their ability to reduce freezing points, while demonstrating considerable ice 

recrystallization inhibition (IRI). It is postulated that the high IRI of plant AFPs are 

indicative of a freeze-thaw rather than freeze-avoidance survival strategy. The perennial 

ryegrass, Lolium perenne, produces LpAFP which is encoded by a small gene family. In 

contrast, in other organisms, AFPs are often maintained in high gene copies and thus it is 

impractical to confirm their role in freezing survival through “knockout” studies. Here 

we have attempted to introduce double-stranded LpAFP transcripts into L. perenne to 

facilitate a widespread knockdown of AFP production within the tissue. After successive 

rounds of Agrobacterium tumefaciens-mediated gene transformation experiments, no 

successful mutant lines have yet been regenerated. Technical issues, strategies for future 

transformation attempts, and biotechnological implications are discussed. 
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Introduction 

 Forage and turf type grasses are globally important for their aesthetic appeal, 

environmental impact, and use as feed for livestock [43]. The grasses are a genetically 

diverse group of vascular plants which span wide geographic ranges not limited by subtle 

variations in climate. As such, they maintain a high degree of genetic diversity between 

and within species [45]. Of the many varieties of grass species, the subfamily Pooideae 

contains member species which have been shown to survive sub-zero temperatures and 

produce antifreeze proteins (AFPs), which inhibit ice recrystallization [22; 36; 44]. The 

perennial ryegrass, Lolium perenne, has an AFP (LpAFP) which appears to be expressed 

only under low temperature conditions (Chapter 2). 

 LpAFP (GenBank: AJ277399.1), has a molecular weight of 13.5 kDa (Chapter 2), 

with its residues including semi conserved NXVXG and NXVXXG repeats likely folded 

into a right handed ß-roll [21; 36]. This peptide sequence demonstrates ice interaction 

and “LpAFP” can refer to all proteins found in L. perenne with homologous peptide 

identity, regardless of N-terminal variances. Recombinantly-expressed LpAFP only 

lowers the freezing point of solutions by ~0.1 ˚C [29] and thus shows significantly less 

thermal hysteresis activity than the better known AFPs from certain fish and insect 

species [12; 13]. Its ice recrystallization inhibition (IRI) activity, however, is as high as 

that shown in spruce budworm AFP isoforms and higher than fish Type I and III AFPs 

[44]. When the deduced AJ277399.1 nucleotide sequence was used to screen L. perenne 

expressed sequence tag (EST) and bacterial artificial chromosome (BAC) libraries, a 

small family of AFPs with conserved C-terminal regions were identified [23; 33]. After 

recombinant expression in Escherichia coli, these corresponding proteins were also 
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shown to have ice binding activity [23; 38]. The LpAFP gene family shows high 

similarity to proteins from winter wheat, Triticum aestivum, and the Antarctic hair grass, 

Deschampsia antarctica [18]. The longer forms show evolutionary relatedness to the 

leucine rich repeat of the phytosulphokine receptor (LRR PSK)-like gene found in rice, 

Oriza sativa [32]. John et al. (2009) conducted modeling of one of the longer identified 

LpAFP sequences which includes N-terminal LRR-repeats, and predicted that apoplastic 

localization sequences as well as a disulphide cleavage site are present.  

 Curiously, despite the wealth of information on LpAFPs, there has yet to be a 

study on any AFP producing organism wherein an AFP is targeted for expression down-

regulation to confirm its presumably important role in freezing survival. Gene 

“knockout” studies in plants traditionally require random processes such as transfer DNA 

(T-DNA) insertion or chemical mutagenesis that cannot efficiently target multigene 

families [25]. RNA interference (RNAi) or post transcriptional gene silencing (PTGS) 

now provides a means of down regulating specific sequences, at least in a small gene 

family with high nucleotide homology [15; 26; 34].  

 Thus, Agrobacterium tumefaciens-mediated transfer of DNA encoding a dsRNA 

producing transfer-DNA construct, targeting the AJ277399.1 sequence (LpAFP) was 

used to “down-regulate” the expression of the native ice binding proteins in L. perenne 

tissue. Although this strategy has not yet proven successful, it is hoped that upon the 

freeze-thaw survival analysis of transformants, the role of LpAFPs in the survival of L. 

perenne during freezing stress will be determined.	  



	  

	  

46	  

Materials and Methods 

Plants and tissue culture 

 L. perenne seeds were obtained from Premier Pacific Seeds, Surrey, British 

Columbia, seed variety: Pacific Seed Diploid. These seeds were surface sterilized and 

introduced to tissue culture following published protocols [5]. Successful, contaminant 

free, plant cultivars were then taken from seedlings through culturing stages [5] with 

callus cells maintained and propagated until Agrobacterium tumefaciens-mediated DNA 

transformations were conducted. Cells were kept on callus induction medium [5] in the 

dark at 22 ˚C in film sealed petri dishes for ca. ~4 months prior to transformation 

experiments. 

AJ277399.1 (LpAFP) RNAi vector construction  

The pCAMBIA1305.1 vector (CAMBIA Laboratories, Brisbane, AUS), which has been 

used successfully to transform L. perenne in several studies [1; 5] was used to house two 

double stranded-hairpin-RNA (dsRNA) producing DNA constructs (Fig. 3.1 and Fig. 

3.2). Each construct was created in several steps. First, truncated versions, either 500 bp 

or 1 kb (tGUS500 and tGUS1kb), of the ß-glucoronidase (GUSplus) marker gene from 

the pCAMBIA1305.1 vector were produced using polymerase chain reaction (PCR). 

Amplifications were conducted using Platinum Pfu Taq DNA polymerase (Invitrogen, 

Burlington, ON, CAN) with the following primers: forward primer for both: 5’-

AATTAGATCTCTATGTCAATGGTGAGCTGGTCGT-3’, tGUS500 reverse primer: 

5’-AATTGGTGACCACGGCTTGAAGTACTCGTACGCG-3’, tGUS1kb reverse 

primer: 5’-AATTGGTGACCCCGTCGTTCACCAGTTCCACT-3’. These primers 

contain the 5’ addition of BglII and 3’ addition of BstEII restriction enzyme recognition 
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sequences (shown in bold). Fragments were subcloned into pCAMBIA1305.1 as follows: 

first, both vector and PCR products were digested with BglII and BstEII FastDigestTM 

enzymes (Fermentas, Burlington, ON, CAN) and purified using a PCR purification kit 

(QIAGEN, Valencia, CA, USA). Vector and insert DNA isolates were quantified using a 

Nanodrop1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Ligations 

were performed using T4 DNA ligase (Invitrogen) overnight at 16 ˚C using a 5:1 

vector:insert ratio. Ligations were transformed into chemically competent HB101 E. coli 

cells and plated on Luria Broth (LB) media containing 50 µg/ml kanamycin (Kan50) 

antibiotic. Resultant colonies were screened using PCR by amplifying DNA that spanned 

the insert region from the CaMV35S promoter to the NOS terminator of the 

pCAMBIA1305.1 vector using the primers: 5’-GGGATGACGCACAATCCCA-3’ and 

5’-TCCTAGTTTGCGCGCTATATTTTGTT-3’. PCR was conducted as follows: 94 ˚C 2 

min, 35 cycles of 94 ˚C 30 sec, 57 ˚C 30 sec, 72 ˚C 1.5 min, final elongation at 72 ˚C for 

2 min. Colonies identified by appropriate sized PCR product (region between primer and 

endonuclease site added to the appropriate insert size), were selected for overnight 

culturing in liquid LB Kan 50 media. Overnight E. coli cultures were subject to plasmid 

isolation using a quick plasmid mini prep kit (QIAGEN). Insert presence and size was 

confirmed through digestion with BglII and BstEII restriction endonucleases, products 

were subjected to electrophoresis (25 min at 120 V on a 1% agarose gel). Successful 

cloning was confirmed with sequencing (Laval University, QC, CAN). One colony of 

each tGUS500 and tGUS1kb were selected for further use and others discarded. 

 Two PCR fragments of the AJ277399.1 nucleotide sequence were amplified 

using the following two pairs of primers, forward: 5’-
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AATTAGATCTGATGAACAGCCGAATACGATTTCTG-3’ and reverse: 5’-

AATTCCATGGTTAAGCGTCTGTCACGACTTTGTTG-3’, forward: 5’-

AATTGGTGACCGATGAACAGCCGAATACGATTTCTG-3’ and reverse: 5’-

AATTGGTGACCTTAAGCGTCTGTCACGACTTTGTTG-3’, for antisense and sense 

oriented sequences, respectively (endonuclease sites are in bold). Subcloning of 

AJ277399.1 fragments were conducted following the steps described above. Antisense 

oriented AJ277399.1 was inserted at the NcoI and BglII restriction sites, while the sense 

oriented sequence was inserted at the BstEII site. Successful ligation of fragments was 

confirmed both with sequencing the total insert region as above, as well as directional 

PCR using cloning primers coupled with either the cauliflower mosaic virus (CaMV35S) 

constitutive promoter or the nopaline synthase (NOS) terminator sequence sequencing 

primers above (Fig. 3.1).  

 Final ds-hairpin-RNA producing constructs were confirmed using a ‘five 

direction set’ of PCR that combined cloning and sequencing primers to amplify regions 

specific to each portion of the predicted vector (Fig. 3.3). After sequencing, one 

candidate from each group was selected for A. tumefaciens transformation. AJ277399.1-

derived RNAi vectors with either tGUS500 or tGUS1kb fragments are designated 

pCAMBIA-iLpAFP500 and pCAMBIA-iLpAFP1kb (Fig. 3.2). 

A. tumefaciens strain and transformation 

 CaCl2-competent A. tumefaciens GV3101 cells were used as hosts for the 

pCAMBIA-iLpAFP500 and pCAMBIA-iLpAFP1kb vectors. Transformation was 

accomplished using heat shock and transformants were selected on mannitol-glutamate 

(MG) medium containing 50 mg/ml kanamycin at 27 ˚C. Resistant colonies were grown 
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overnight in liquid MG media containing both kanamycin and hygromycin (27 ˚C and 

shaken at 200 rpm). Growing colonies were analyzed using PCR (as described), 

sequenced to confirm identity, and subsequently stored as glycerol stocks at -80 ˚C. 

A. tumefaciens-mediated gene transfer 

 Tissue culture and A. tumefaciens transformation of L. perenne in this study was 

conducted as previously published ([5]; Fig. 3.4). Several attempts were made following 

exact protocols, however, co-culturing of L. perenne tissue with A. tumefaciens routinely 

resulted in total tissue loss due to bacterial overgrowth on modified Murashige and 

Skoog (MS) media [5; 28]. Incorporating techniques used in transformation of 

Brachypodium [41] as well as improvised methods for higher throughput of tissue, 

transformation protocols were modified as follows: 

 During transformation, co-culturing callus and A. tumefaciens on media was 

abandoned in exchange for draining excess media and A. tumefaciens from the callus, 

and plating calli on sterile filter paper. The petri dishes (160 mm) were stored for four 

days in the dark at 22 ˚C (Fig. 3.4.E). Scale up was done by substituting 500 ml culture 

containers for 15 ml containers during bacterial and callus co-culturing stage since ~300 

callus pieces could be cultured in one container. 

A. tumefaciens-mediated transformations of Arabidopsis thaliana  

  The same A. tumefaciens strains used to transform L. perenne tissue were used in 

transformations of Arabidopsis thaliana following the flower dipping protocol [10]. A. 

thaliana plants, Columbia variety, were grown in 4-inch pots in the greenhouse (22 ˚C, 

16:8h light cycle) prior to floral dipping. Seeds were collected from dipped plants after 

maturity and grown on ½ MS medium with 25 µg/ml hygromycin. Seedlings that 
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demonstrated optimal growth on selection media were transferred to potting soil and 

grown in the greenhouse until maturity. 

Confirmation of transgene incorporation into A. thaliana mutants 

 A. thaliana leaves were collected from individual F1 plants which showed 

positive growth on selection media (as above). After freezing in liquid N2, DNA was 

extracted using a plant mini DNA extraction kit (QIAGEN). Genomic DNA from both 

F1 and wild-type plants were subjected to PCR using primers specific to the pCAMBIA-

iLpAFP500 and pCAMBIA-iLpAFP1kb vectors. The forward primer, used also for 

sequencing, is set 100 bp upstream of the NcoI restriction endonuclease site, on the 

CaMV35S promoter of the pCAMBIA1305.1 vector: 5’-

GGGATGACGCACAATCCCA-3’. Depending on the mutant line, reverse primers were 

chosen from either the tGUS500 or tGUS1kb reverse cloning primers: 5’-

AATTGGTGACCACGGCTTGAAGTACTCGTACGCG-3’ or 5’-

AATTGGTGACCCCGTCGTTCACCAGTTCCACT-3’, respectively. A second 

amplification was performed on selected lines using primers designed to amplify a 901-

bp region of the hptII gene of the pCAMBIA1305.1 vector [5], using a hptII forward 

primer: 5’-CTCGTGCTTTCAGCTTCGATGTAG-3’, and reverse primer: 5’-

GCTGGGGCGTCGGTTTCCACTATCGG-3’. Amplified products were visualized after 

electrophoresis with ethidium bromide staining (Fig. 3.2). 
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Results 

A. tumefaciens-mediated transformation of A. thaliana and transgene insertion 

 PCR using A. thaliana F1 seedling DNA produced products of predicted sizes on 

1% agarose gels, while only non-specific products were seen if wild-type A. thaliana 

DNA, or no DNA, was used as the template with the same primers (Fig. 3.2). The F1 

generation seedlings of A. thaliana floral dipping demonstrated no obvious aberrant 

phenotypes attributed to the expression of pCAMBIA-iLpAFP500 and pCAMBIA-

iLpAFP1kb t-DNA (not shown).  

Regeneration of transformed L. perenne callus lines 

 After four independent transformation attempts with L. perenne callus using A. 

tumefaciens cultures containing the pCAMBIA-iLpAFP500 or pCAMBIA-iLpAFP1kb 

vectors, no successful mutant lines were regenerated. Also, no transformants were 

regenerated from the “empty vector” pCAMBIA1305.1 following the same 

transformation protocols. Fig. 3.5.A-C show stages of embryogenic callus generation 

from standard protocols [5]. Co-culturing of A. tumefaciens and calli were conducted 

either in 50 ml containers (Fig. 3.5.D) or in a 500 ml container (not shown). Plating of 

callus on sterile filter paper resulted in reduced bacterial overgrowth after culturing 

stages (Fig. 3.5.E). Calli appeared to follow proper selection for the initial four weeks of 

growth on hygromycin antibiotic-containing media following transformations (Fig. 

3.5.F). Although several small shoots did form, no long-term survival of shoots was 

observed (Fig. 3.5.G). 
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Discussion 

Implications of AFP knockout in the understanding of freezing-tolerance 

 To date, no “knockout” studies of an AFP have been conducted in any organism. 

Given the length of time AFPs have been studied, their reputed important roles in host 

organisms and economic potential, it is astonishing that no studies have confirmed their 

putative roles in a living system [11]. L. perenne is an ideal model organism for this 

study as it has but a few copies of a confirmed ice active coding sequence in its genome 

(Chapter 2). In addition, the capacity of LpAFP for IRI has been shown in both in vitro 

and inducible in vivo [18; 44]. RNAi or PTGS presents a unique opportunity for stable 

sequence specific gene knockdown [34]. Ultimately, the goal of this study was to 

confirm the role of this known ice active sequence in the observed freezing-tolerance of 

L. perenne. If a resultant reduction of freezing-tolerance was observed through 

“removal” of the protein, some confidence in efforts to use LpAFP for conferring ice 

active properties to other plant species would be established. It is interesting to note that 

members of the LpAFP gene family maintain variable N-terminal sequences, and some 

variability within the ice active region, to that of AJ277399.1 [33]. It is of yet unknown 

how these various peptide sequences function together in a living system, or whether all 

are required for freezing tolerance [23; 33; 38].  

The dsRNA used in this study was generated using inverted copies of the 

AJ277399.1 sequence. By folding back onto itself, it should stimulate RISC and result in 

the down regulation of AFP production [15; 36]. Since the ice active regions identified in 

members of the small LpAFP gene family demonstrate over 90% sequence identity to the 
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AJ277399.1 sequence, it was anticipated that the RNAi-producing construct would lower 

levels of all LpAFP expression [23; 33; 38]. It is unfortunate that to date no stable 

LpAFP(-) mutant lines have been generated, however, future transformation experiments 

will benefit from the initial steps taken in this thesis, including vector assembly and 

protocol modifications.  

Confirmation of transgene incorporation into L. perenne mutant 

 Transformed tissue was not available for assay, however, in future experiments 

mutant L. perenne can be subjected to PCR and Southern blot analysis of genomic DNA 

after successful regeneration of transformants. PCR will be performed as described for 

confirmation of A. thaliana T-DNA insertion. Southern blotting can be performed using 

hptII primers as described to generate a probe labeled by nick translation [31]. 

RT-PCR expression of LpAFP; wild-type to mutant comparison 

 As no transgenic tissue was available, in future experiments, transcript abundance 

can be assayed using semi-quantitative RT-PCR (see Chapter 2). cDNA generated from 

L. perenne, under ambient conditions as well as after 48 h at 4 ˚C, should be subjected to 

PCR using primers presented in Chapter 2, Table 2.1. 

Ice recrystallization inhibition assay of L. perenne mutants exposed to low temperature 

 Tissue of future mutant L. perenne lines should be assayed for IRI activity under 

periods of ambient temperature conditions as well as after 4 ˚C for 48 hours treatment. 

Tissue can be assayed (as described in Chapter 2) using the SPLAT IRI assay [20]. 

Electrolyte leakage assays 

 Assay of the electrolyte leakage of L. perenne tissue during freezing events 

should be conducted as previously described [42]. This experiment will validate whether 
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mutants expressing the LpAFP-RNAi constructs experience a reduction of freezing 

tolerance cause by down-regulation of LpAFP production. Wild-type grass samples 

should be assayed and compared to transformants for their relative electrolyte leakage 

after low temperature induction. It should be noted that non-low temperature acclimated 

tissues have demonstrated no IRI activity (Chapter 2), thus, electrolyte leakage assays of 

future successful transformants should be conducted only after treatment of tissue at 4 ˚C 

for a minimum of 48 h. 

Challenges with L. perenne transformations 

Prior to 1984, it was believed that monocotyledonous species lacked the 

appropriate binding sites for A. tumefaciens to allow virulence or engineered gene 

insertion [24]. However, by 1984 the first monocotyledonous species, Asparagus 

officinalis, demonstrated Agrobacterium-mediated transformation [17]. Species-specific 

binding was thought to be a limitation imposed by this method of transformation, 

however, it has since been shown that various strains of virulent A. tumefaciens maintain 

different species specificity [7; 37; 39]. Studies of the binding sites of A. tumefasciens to 

monocots as well as their comparison between dicot and monocot host plant species 

indicated that, under optimal conditions, there is no preferential binding capabilities of A. 

tumefaciens to either of these plant divisions [4; 17]. However, A. tumefaciens is highly 

selective in the types of plant cells to which it will bind, as it largely targets vascular 

bundles and young differentiating cells [9; 14]. The preliminary difficulties in 

experiments attempting bacterial docking to monocot cells was related to a lack of plant 

wound response molecules, differential cell wall chemistry, and non-cell type specific 

chemotaxis [37]. The bacteria-plant relationship raises the importance of the numerous 
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interactions between virulent strain and host organism which affect this relationship [19]. 

Indeed it has been elucidated that there are five key factors which can influence this 

pathogen-host relationship: bacterial virulence (vir) genes, active cell division in host 

tissue, culture media compositions (including hormone levels), A. tumefaciens strains 

and vectors, and genotype of host organism [16]. In the delicate experimentation of A. 

tumefaciens-mediated genetic transformation each one of these factors must be 

considered in order for successful transformation and mutant lines to be generated. In 

regards to the present study, no regeneration of L. perenne tissue occurred after A. 

tumefaciens-mediated transformation of the empty vector pCAMBIA1305.1, nor of the 

pCAMBIA-iLpAFP500, and pCAMBIA-iLpAFP1kb constructs. Several of the above 

factors may have influenced transformation efficiency. 

 Previous work has determined the importance of the stimulation of virulence 

genes present on the tumor inducing plasmid for transformation efficiency [40]. 

Virulence can be stimulated by the addition of acetosyringone (3',5'-dimethoxy-4'-

hydroxyacetophenone) a natural plant wound response molecule [35]. In 

monocotyledonous plants, particularly grasses, chemical wounding signals which 

normally stimulate chemotaxis of A. tumefaciens towards plant cells are not released 

[16]. Therefore, the addition of acetosyringone to co-culturing stages is essential to 

activate A. tumefaciens vir-genes. Since acetosyringone was added [5], it is not a likely 

factor in genetic transformation failures. 

The state of host tissue has been previously implicated as a key factor in the 

ability of A. tumefaciens to bind to and produce stable transformation in 

monocotyledonous tissue [14], with vascular bundles and young differentiating 
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embryogenic cells showing bacterial adhesion and successful transformation [5; 14]. 

However, vascular tissues are difficult to culture in grasses, so embryogenic calli are 

used [2]. In our case, we maintained callus for L. perenne as a stable source of tissue for 

transformation, but long culture periods (ca. ~4 months) may have decreased 

regenerative capacity and also resulted in the inadvertent selection of callus with very 

few embryogenic cells due to dilution by fast growing non-embryogenic tissue [14].  

Media composition is an important factor in stable tissue culture as well as A. 

tumefaciens-mediated transformation efficiencies [16]. All media was prepared as 

described previously [5]. However, because of bacterial overgrowth, sterile filter paper 

was introduced during the co-culturing of A. tumefaciens and L. perenne to permit a 

“dry” co-culture environment [41]. I believe that this modification is unlikely to have 

resulted in reduced transformation efficiency since it has been shown to enhance 

transformation efficiency in several monocotyledonous systems [3]. 

Efficient transformation of any plant species requires the correct selection of the 

A. tumefaciens strain as well as the vector backbone used to ensure transgene expression 

[27]. This study used A. tumefaciens strain GV3101, which to date has been shown to be 

effective in some monocot systems [9; 30]. However, A. tumefaciens strains which have 

been developed more recently, such as the hypervirulent AGL1 hold promise for 

increased L. perenne transformation efficiency [7]. Vector selection for monocot 

transformation is also an important factor, as optimal vector must contain a promoter, a 

terminator, and selection markers best suited to the host plant system. By using the 

CaMV35S constitutive promoter coupled with the NOS terminator sequence in the 

pCAMBIA1305.1 vector, it is expected that L. perenne will express transgenes 
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effectively [27]. The pCAMBIA1305.1 vector also contains the hptII gene driven by a 

double enhancer version of the CaMV35S promoter, which allows for strong resistance 

to hygromycin selection [5]. These factors were considered when the pCAMBIA1305.1 

vector was selected as the backbone for synthesis of pCAMBIA-iLpAFP500 and 

pCAMBIA-iLpAFP1kb RNAi vectors, and given the previous success of 

pCAMBIA1305.1 in monocot transformation, it is not likely that it caused the observed 

poor transformation efficiency. Although in a dicotyledonous species, the capacity of the 

pCAMBIA1305.1 vector to integrate into a host genome using the A. tumefaciens strain 

GV3101 was observed in A. thaliana mutant lines. No visible off-target or lethal 

mutations were caused by the integration of this T-DNA into A. thaliana. 

The limited success of early studies of A. tumefaciens-mediated DNA 

transformation in monocots lead to focused efforts on select species which demonstrated 

efficient transformations [8]. The development of transformation protocols for a growing 

number of these plants species have now been standardized [8; 14; 16; 37]. However, 

some varieties within a species may not respond well to A. tumefaciens-mediated 

transformation [16], although it has been demonstrated that this is often only a matter of 

optimizing protocols [6]. The variety of L. perenne used in this study is of a known 

diploid turf type variety, so varietal transformation efficiency was of concern. However, 

previous transformations of L. perenne, have been performed on different varietals with 

high degrees of success [1; 5]. As it has been shown that cell age and type are more 

important in regard to bacteria-host transformations, the variety of L. perenne should not 

be a factor in transformations if culturing techniques are followed properly [6; 14]. Steps 

were taken to ensure tissue health as previously described for A. tumefaciens-mediated 
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transformation of L. perenne, and it is unlikely that the plant variety used influenced 

rates of transformation [5].  

Conclusions 

 After consideration of the multiple factors which may have influenced rates of A. 

tumefaciens-mediated transformation in this study, two factors seem likely responsible 

for the observed failure of genetic transformation of L. perenne. A. tumefaciens strain 

GV3101 may have a low level of virulence in L. perenne tissue, and future experiments 

should substitute a confirmed hypervirulent A. tumefaciens strain such as AGL1 [7].  An 

even more significant factor may be the state of L. perenne tissue prior to transformation 

attempts. I believe that during the extended time as callus, embryogenic cells were 

diluted with vegetative types and resulted in lower transformation efficiency. A relative 

loss of embryogenic cells would likely result in non-productive transformation of tissue, 

or the reduced likelihood of embryogenic cell binding by A. tumefaciens. It is likely that 

some transformations did occur, as patterns of callus cell resistance to hygromycin 

selection appeared normal, however, regeneration of mutant lines did not follow cell 

incubation on regeneration media. Results from a parallel study of other vector 

transformations of the same L. perenne tissue stock resulted in one successful mutant line 

was regenerated from over 600 callus pieces (not shown), supportive of my hypothesis of 

embryogenic cell dilution by vegetative types.  

 Although this study resulted in no successful generation of LpAFP(-) mutant 

lines, successful transformation in the future will elucidate whether this protein sequence 

is singularly responsible for freeze-tolerance observed in L. perenne. Determining the 
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putative role of LpAFP will increase our knowledge of the functional life history of this 

protein and inspire analysis of strategies for functional transgenic applications. 
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Figures 

Figure 3.1. The pCAMBIA1305.1 vector (CAMBIA Laboratories, Brisbane, AUS), was 

used as the backbone for RNAi vector construction. Constitutive expression of 

transgenes in monocot systems has been shown with the Cauliflower mosaic virus 35S 

(CaMV35S) promoter coupled with the nopaline synthase (NOS) terminator sequence. 

LB: left border of transgene insertion. RB: right border of transgene insertion. MCS: 

multiple cloning site. LAC Z ALPHA: Lac Z Alpha promoter for blue-white colony 

screening. GUSPlus: Enhanced ß-glucoronidase gene. nos term: nopaline synthase 

terminator sequence. 35S prom: Cauliflower mosaic virus 35S constitutive promoter. 

Kanamycin (R): bacterial resistance selection marker. Other bacterial vector features are 

described on NCBI nucleotide database, accession number: AF354045. 
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Figure 3.2. Transfer DNA insertion regions of pCAMBIA1305.1 vector from left border 

to right border. tGUS: truncated ß-glucoronidase λ-linking-DNA. LpAFP: regions of 

homology to the AJ277399.1 sequence in both sense and antisense orientations. 

CaMV35S: Cauliflower  mosaic virus 35S constitutive promoter sequence. hptII: 

hygromycin phosphotransferase gene. A. pCAMBIA1305.1 T-DNA insertion region. B. 

pCAMBIA-iLpAFP1kb, and C. pCAMBIA-iLpAFP500 T-DNA regions. B. and C. differ 

only in either a 1kb or 500 bp tGUS λ-DNA region respectively. RNAi producing 

vectors for the AJ277399.1 LpAFP coding sequence join an antisense oriented LpAFP 

DNA sequence with λ-DNA followed by sense oriented target DNA sequence. RNA 

transcript is predicted to fold on to itself with homology to entire the AJ277399.1 

sequence itself for both b. pCAMBIA-iLpAFP1kb, and c. pCAMBIA-iLpAFP500. 

Restriction endonuclease sites used in subcloning are shown. 
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Figure 3.3. Confirmation PCR of insert orientations of pCAMBIA-iLpAFP1kb vector. 

Lane 1: 1kb Plus Ladder (Fermentas). Lane 2: amplified region from CaMV35S 

sequencing primer to 3’ cloning primer of tGUS1kb fragment. Lane 3: CaMV35S primer 

to 3’ cloning primer for the antisense oriented LpAFP sequence. Lane 4: CaMV35S to 

NOS primer spanning entire construct region. Lane 5: 5’ cloning primer for sense 

oriented LpAFP sequence to the nopaline synthase (NOS) sequencing primer. Lane 6: 5’ 

tGUS cloning primer to the NOS sequencing primer. For control PCR see Figure 3.2.
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Figure 3.4. L. perenne tissue culture, following standard protocols [5]. A. Aseptic seed 

germination and growth. B. Callus induction C. Callus growth and propagation. D. A. 

tumefaciens co-culture with embryogenic callus. E. L. perenne callus co-culture. F. 

Selection of transformed callus cells on hygromycin containing media. G. Final stages of 

transformed tissue regeneration, note several escape shoots (false positives) formed 

which lacked resistance to the hygromycin antibiotic and ceased growth after initial 

sprouting. 
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Figure 3.5. Confirmation PCR of transgene incorporation into A. thaliana mutants. Panel 

A. PCR of genomic DNA isolated from A. thaliana F1 mutant tissues using primers for 

the hptII sequence of the pCAMBIA1305.1 T-DNA. Lane 1: 1 kb Plus Ladder 

(Fermentas) with some sizes shown. Lane 2: PCR using isolated pCAMBIA1305.1 

vector as template. Lane 3: wild-type A. thaliana DNA. Lane 4: no DNA, faint bands are 

from non-specific primer self annealing. Lane 5-6: A. thaliana mutant lines transformed 

with pCAMBIA-iLpAFP1kb T-DNA. Lane 7-8: A. thaliana mutant lines transformed 

with pCAMBIA-iLpAFP500. Panel B. PCR product from mutant lines of A. thaliana 

using the CaMV35S promoter sequence primer coupled with respective tGUS construct 

reverse cloning primers. Lanes 2-3 used the same DNA from pCAMBIA-iLpAFP1kb 

mutant lines as templates in A.5-6. Lanes 4-5 used the same DNA from pCAMBIA-

iLpAFP500 mutant lines as templates in A.7-8. For control see Figure 4.1, lane 2 

(Chapter 4). 
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Chapter 4 

Visualization of the Lolium perenne antifreeze protein with fluorescence tagging in 

A. thaliana and L. perenne tissues 

Abstract 

Since its discovery, Lolium perenne antifreeze protein (LpAFP) has generated interest for 

its potential biotechnological and transgenic applications. This protein exhibits low 

thermal hysteresis ability with a comparably high ice recrystallization inhibition, a factor 

which makes it an ideal candidate for numerous cryo-protective roles. Characteristics of 

this protein, such as its proposed extracellular role, original identification as a protein 

fragment lacking localization signals, a corresponding genomic LpAFP gene sequence 

without cellular localization peptide signals, and the presence of 6 potential asparagine-

linked glycosylation sites, led us to postulate that this protein may belong to the class of 

leaderless secretory stress response proteins (LSPs). To test this hypothesis, we 

expressed a gene fusion encoding the ice active region of LpAFP to a fluorescent protein 

in both transgenic L. perenne and Arabidopsis thaliana. Visualization of the chimeric 

proteins within cells using confocal microscopy indicated that there was no difference 

between the localization of the control proteins and the LpAFP chimera. These findings 

suggest LpAFP is not a member of the LSPs. If a short LpAFP isoform is actively 

expressed yet remains in the cytoplasm, it may function in L. perenne to inhibit 

intracellular freezing similar to some low activity AFPs reported in certain fish species. 

Results of this study suggest more work is needed to confirm the cellular localization of 

LpAFP, the role of intracellular AFPs in plants, and the potential use of these proteins in 

transgenic crop enhancement strategies. 
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Introduction 

 Antifreeze proteins (AFPs) represent an evolutionarily diverse class of stress 

response proteins that demonstrate the unique ability to interact with ice, in either 

freezing point depression, thermal hysteresis (TH), or ice recrystallization inhibition 

(IRI). These two properties are not tightly correlated, as an AFP with high TH does not 

necessarily demonstrate high IRI [29]. AFPs have been isolated and characterized from 

organisms as diverse as fish, insects, bacteria, fungi, and plants, all of which are exposed 

to temperatures below freezing at some point in their life histories. Plant AFPs have been 

isolated from the carrot, Daucus carota [24], wheat, Triticum aestivum [26], bittersweet 

nightshade, Solanum dulcamarai [6], the Antarctic hair grass, Deschampsia antarctica 

[11], and the perennial ryegrass, Lolium perenne [23]. Plant AFPs are thought to largely 

function in IRI in the apoplastic space, which due to lower solute concentrations, are the 

location of primary ice nucleation [10]. T. aestivum, D. antarctica, and L. perenne are 

found within the Pooacea subfamily of the Pooidea grasses and their AFPs appear to 

share an evolutionary relationship to the leucine rich repeat of the phytosulphokine 

(LRR-PSK)-like gene of rice, Oriza sativa [11; 21].  

 LpAFP is of interest as it has shown the ability to not only bind with ice but also 

adsorb to and prevent potentially dangerous crystalline gas hydrate growth [8]. The 

observed high IRI of LpAFP [13; 17; 23] has also generated interest in its potential 

biotechnological applications such as membrane cryoprotection [16] and its use as a 

frozen-dessert additive. This protein was first identified by Sidebottom et al. (2000) as a 

119 amino acid protein sequence with a semi conserved NXVXG and NXVXXG repeat 

(Genbank: AJ277399.1). The ice active region of LpAFP has been modeled as a right-
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handed beta-roll with each conserved repeat per turn [11; 12]. This sequence and 

structure were originally hypothesized to contain two ice binding faces (IBFs) which 

were proposed to allow for observed high IRI activity. Subsequent in vitro mutagenesis 

studies, however, demonstrated that only the “a” side functions in ice affinity [17].  

 The original LpAFP protein was identified lacking any upstream signaling 

sequences [23], and consists entirely of the ice active region peptide sequence. It can be 

expressed recombinantly in Escherichia coli [13; 17; 23; 29]. Screens of expressed 

sequence tag (EST) [14; 25] and bacterial artificial chromosome (BAC) libraries [21] 

have identified a small family of proteins with C-terminal homology to the deduced 

nucleotide sequence. Some members of this gene family contain N-terminal regions with 

strong identity to the LRR-PSK-like sequence [21], and modeling predicts apoplastic 

localization and cleavage peptide signals within this region [11; 21]. These findings 

suggest that the original LpAFP was processed prior to localization and subsequent 

identification [23]. As this protein has been identified in guttation fluid, it is intuitive that 

cleavage occurs as the protein is exported to the extracellular apoplastic space [26]. 

	   Not all extracellular proteins have secretion signals and to date numerous proteins 

have been identified which do not follow the traditional export pathway of ER-Golgi-

membrane. In mammals, these have been identified through the use of brefeldin-A, a 

drug which blocks trafficking through traditional export pathways [1]. Brefeldin A has 

no functionality in plants [1], but leaderless secretory proteins (LSPs) may function 

through various, of yet not fully understood, export pathways. Of the LSPs currently 

identified, many are or are related to stress response proteins [1]. Non-traditional protein 

export pathways are proposed to include exosomes/multivesicular bodies-dependent 
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secretion, lysosome-dependent secretion, exovesicles/plasma membrane (PM) blebbing 

and PM specific transporter-dependent secretion [1]. Glycosylation of asparagine has 

been implicated as an important marker for protein secretion, and indeed LpAFP has 6 

N-linked glycosylation sites. 

 One member of the LpAFP gene family lacks upstream localization signal 

sequences, yet appears to be under selection within the genome [21]. It was hypothesized 

that this “truncated” LpAFP may be a non-traditionally exported stress response protein. 

To test this, we have expressed fluorescence protein sequences in a fusion with the 119 

aa LpAFP coding sequence, as a homologue of the “truncated” LpAFP, in both A. 

thaliana and L. perenne transgenic tissue. Visualization of the protein should determine 

whether expression of this leaderless protein can result in non-traditional cellular export. 

This represents the first attempt at identifying a glycosylation-regulated export protein in 

plants. Its identification will have implications for stress response protein targeting in 

transgenics, the theoretical basis of protein export in plants, and biotechnological 

applications. 
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Materials and Methods 

Vector construction 

The pCAMBIA1305.1 vector (CAMBIA Laboratories, Brisbane, AUS) has been used 

successfully to transform L. perenne in several studies [2; 3] and was used as the 

backbone to produce four fluorescent protein constructs for expression in plant systems 

as follows: (a) enhanced green fluorescent protein ([28] denoted simply as GFP) 

sequence, (b) N-terminal GFP fused to the LpAFP AJ277399.1 sequence (LpGFP), (c) 

orange fluorescent protein (OFP [22]), and (d) OFP N-terminal fusion to the AJ277399.1 

sequence (LpOFP). DNA fragments were produced using previously created fusion 

sequences within the pET24a vector (EMD Biosciences, Sand Diego, CA, USA) as 

template DNA (kindly provided by Dr. P. Davies, Queen’s University). Polymerase 

chain reaction (PCR) was conducted using Platinum Pfu Taq DNA polymerase 

(Invitrogen, Burlington, ON, CAN) with the following primers. Forward primer for all 

four fragments: 5’- AATTAGATCTTATGGTGAGCAAGGGCGAGG-3’, LpGFP and 

LpOFP reverse primer: 5’- AATTCACGTGTTAAAGCTTTGCAGCGTCTGTCACG -

3’, GFP and OFP reverse primer: 5’- 

AATTCACGTGTTACTTGTACAGCTCGTCCATGCC -3’. The forward primer 

contains the 5’ addition of BglII restriction enzyme recognition sequence while reverse 

primers contain the 5’ addition of the PmlI recognition sequence (shown in bold). 

Amplified DNA was subcloned in to pCAMBIA1305.1 as follows: First, both vector and 

PCR products were digested with BglII and PmlI FastDigestTM enzymes (Fermentas, 

Burlington, ON, CAN) and purified using a PCR purification kit (QIAGEN, Valencia, 

CA, USA). Vector and insert DNA isolates were quantified using a Nanodrop1000 
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spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Ligations were 

performed using T4 DNA ligase (Invitrogen) overnight at 16 ˚C using a 5:1 vector:insert 

ratio. Ligations were transformed into chemically competent HB101 E. coli cells and 

plated on Luria Broth (LB) media containing 50 µg/ml kanamycin (Kan50) antibiotic. 

Resultant colonies were screened using PCR spanning across the insert region from the 

CaMV35S promoter to the NOS terminator of the pCAMBIA1305.1 vector using the 

following primers: 5’-GGGATGACGCACAATCCCA-3’, 5’-

TCCTAGTTTGCGCGCTATATTTTGTT-3’ respectively. PCR was conducted as 

follows: 94˚C 2min, 35 cycles of 94˚C 30 sec, 57˚C 30 sec, 72˚C 1.5 min, final 

elongation at 72˚C for 2 min. Colonies with appropriately sized amplification products 

were selected for overnight culturing in liquid LB Kan 50 media. Plasmids were isolated 

from the cultures using a plasmid mini prep kit (QIAGEN) and were confirmed using gel 

electrophoresis after digestion with BglII and PmlI. Further confirmation was obtained 

by sequencing (Laval University, QC, CAN). One colony representing each LpGFP, 

GFP, LpOFP, and OFP insert was selected for further use, and with the vectors 

designated pCAMBIALpGFP, pCAMBIAGFP, pCAMBIALpOFP, and pCAMBIAOFP 

respectively (Fig.4.1). 

Agrobacterium tumefaciens transformation and strain 

The vectors were transformed into CaCl2-competent A. tumefaciens strain 

GV3101 (kindly provided by Dr. S. Regan, Queen’s University) using the heat shock 

method. After plating on mannitol-glutamate (MG) medium containing 50 µg/ml 

kanamycin antibiotic at 27 ˚C, resulting colonies were selected and grown overnight in 

liquid MG media containing both kanamycin and hygromycin antibiotics at 27 ˚C (with 
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shaking at 200 rpm). Liquid cultures were then subjected to PCR using the previously 

listed primers. After sequencing the amplified products, cells were stored in glycerol 

stocks at -80 ˚C. 

L. perenne and A. thaliana transformation 

 Tissue culture and A. tumefasciens transformation of L. perenne in this study was 

conducted as described [3]. Difficulties in co-culturing L. perenne tissue with A. 

tumefaciens prompted modifications to the protocol as outlined in Chapter 3. 

  The same A. tumefaciens strains were used in transformations of A. thaliana 

following the standard flower dipping protocol [5]. A. thaliana plants, Columbia variety, 

were grown in 4-inch pots in regular greenhouse conditions prior to floral dipping and 

post procedure. Seeds were collected from dipped plants after maturity and grown on ½ 

Murashige and Skoog (MS) basal medium with 25 µg/ml hygromycin. Seedlings that 

demonstrated optimal growth on selective media were transferred to potting soil and 

grown under greenhouse conditions until maturity (see Chapter 3). 

Confirmation of transgene incorporation into L. perenne and A. thaliana mutants 

 Transgene incorporation in a single mutant line of regenerated L. perenne was 

confirmed through PCR coupled with positive visualization of LpGFP through confocal 

microscopy (see below). Genomic DNA from mutant leaf tissue was isolated as 

previously described and subjected to PCR with the cloning confirmation primers. Since 

the transformation success of L. perenne was very low, further analysis was abandoned.  

To identify A. thaliana transformants, leaves were collected from F1 individuals 

that had demonstrated positive growth on selective media. After being frozen in liquid N2 

DNA was extracted using a plant mini DNA extraction kit (QIAGEN). Isolated genomic 
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DNA from F1 A. thaliana plants as well as wild-type A. thaliana were subjected to PCR 

using primers specific to the pCAMBIA1305.1 vector backbone as previously described. 

A second PCR was performed on these lines using primers designed to amplify a 901-bp 

region of the hptII gene of the pCAMBIA1305.1 vector [3]. hptII forward primer: 5’- 

CTCGTGCTTTCAGCTTCGATGTAG-3’, and reverse primer 5’- 

GCTGGGGCGTCGGTTTCCACTATCGG-3’. PCR products were subjected to 

electrophoresis for 20 min at 120 V on a 1% agarose gel prior to visualization with 

ethidium bromide staining. 

Transgenic plant characterization 

Visualization of fluorescent protein within the A. thaliana mutant lines as well as 

the single LpGFP L. perenne mutant line was conducted using a laser scanning 

microscope (LSM710, Zeiss). Fluorescent signals were obtained by excitement with an 

argon laser at ~489 nm and ~543 nm for GFP and OFP, respectively. Images were 

processed using ZEN 2009 software. All plants were grown at 4 ˚C for at least 48 h prior 

to confocal microscopy examination. 

 In order to better visualize the apoplastic space, A. thaliana mutant lines were 

immersed in a 20% glycerol solution for 2 min prior to microscopy. Pollen grains were 

also collected from both A. thaliana mutant lines and imaged (not shown). 
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Results 

Transgenic A. thaliana and L. perenne 

Transgene insertion into L. perenne and A. thaliana mutant tissue resulted in 

growth on antibiotic selection media. A region spanning both hptII and the gene of 

interest were PCR amplified using DNA isolated from mutant lines while wild-type lines 

demonstrated no specific amplification from genomic DNA (Fig. 4.2 and Fig. 4.3). 

Fusion protein localization 

The L. perenne mutant line expressing the pCAMBIALpGFP transgene insertion 

showed green fluorescence in all the tissues assayed (Fig. 4.4). However, confocal 

microscopy was difficult due to tissue thickness. In addition, since a negative control 

mutant line was not recovered, further assessment of this line was abandoned.  

 A. thaliana mutant lines demonstrated expression of fluorescent marker proteins. 

Imaging was largely focused on root tissues which presented clear focal points as well as 

limited auto-fluorescence (Fig. 4.5 and Fig. 4.6). No difference was seen in the cellular 

localization of the OFP on its own and expression of the LpOFP fusion protein. Tissue 

dehydration through glycerol treatment and visualization demonstrated that both protein 

constructs were maintained within the cellular membrane and were not localized to the 

apoplastic space in A. thaliana root cells (Fig. 4.6). Pollen grains demonstrated no 

expression of marker proteins (not shown). Tricome visualization also resulted in no 

clear difference between OFP and LpOFP expression from mutant lines (Fig. 4.6.C-E). 

 A. thaliana mutant lines expressing both GFP and LpGFP constructs were used in 

preliminary imaging studies. However, the F2 generation of these plants died due to 

fungal contamination and were not available for further assay.  
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Discussion 

 Several factors suggested that LpAFP could be a LSP, including the presence of 6 

asparagine-linked glycosylation sites, which may be a signal for non-traditional export of 

proteins [1], the absence of upstream localization sequences [21], and the predicted 

apoplastic role in freeze-tolerance [9; 10]. LSPs are a newly identified class of proteins 

which are not yet fully understood [1]. Although brefeldin A has been useful in 

mammalian studies of these proteins, this antibiotic does not block traditional pathways 

in plants and thus no plant LSPs have been conclusively identified [1].  

 We decided to employ fluorescence protein fusions to LpAFP as a means of 

determining the in vivo potential for this protein to be non-traditionally exported. It is 

largely accepted that functional LpAFP is found in the apoplastic space [10], and our 

previous work has shown that LpAFP activity is found in guttation fluid of L. perenne 

after low temperature stress (Chapter 2).  

 The low success of L. perenne tissue transformations (Chapter 3) prompted us to 

use A. thaliana as a model. Stable lines of transgene expressing mutants were 

successfully regenerated and microscopic visualization of A. thaliana tissues produced 

clearer images than tissues from the single L. perenne mutant line. All mutant A. thaliana 

which demonstrated positive growth on selection media were confirmed to contain the 

transgene insertions using PCR, and all demonstrated obvious fluorescent protein 

expression. As visualization of the expressed protein was of primary concern rather than 

generational stability, F1 seedlings were used directly in imaging analysis rather than 

awaiting F3 homozygote lines. 
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 It was predicted that if the LpAFP protein was able to function as a LSP, in plants 

subjected to low temperature stress, LpGFP and LpOFP would be found in the apoplastic 

space while control GFP and OFP lines would show cytoplasmic localization. Low 

temperature treatment for at least 48 h was essential to this analysis as it has been 

previously shown the LpAFP modifies its fold and much activity is lost over 15 ˚C 

(Chapter 2). Visualizations of healthy and dehydrated cells of A. thaliana seedlings 

expressing both fusion and fluorescence proteins on their own demonstrated the same 

patterns of fluorescence. This suggests that LpAFP is not able to function as an LSP in A. 

thaliana. 

 The presence of a “truncated” LpAFP, lacking upstream signaling sequences, yet 

purportedly maintained in the genome through active selection, remains a curiosity [21]. 

Previous studies of fish AFPs have demonstrated the intracellular localization of AFPs 

lacking upstream signal sequences [7; 15]. It may be possible, that this “truncated” 

LpAFP maintains a role within the plasma membrane. Previously, it has been speculated 

that LpAFP might function in membrane support and perhaps the “truncated” LpAFP 

functions in such a role within the cell during low temperature stress [4; 10]. Indeed, 

confocal images demonstrate a large accumulation of fluorescence surrounding the 

nucleus, perhaps it is possible that LpAFP functions in intracellular nuclear and other 

membrane support during low temperature and freezing stress. 

 LpAFP demonstrates one of the highest capacities at IRI from yet identified plant 

AFPs [17; 29], making it ideal for expression in transgenic crops. It does not prevent 

freezing but it could confer a resistance to structural damage brought about by 

uncontrolled spicular ice crystal growth in tissues [10]. The appropriate localization of 
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AFPs into transgenic crop tissues is likely vital in order to confer IRI capability to other 

plant systems. It is still unclear how “truncated” and other members of the LpAFP gene 

family function during freeze-thaw survival in L. perenne. However, future research will 

need to ascertain whether a singular copy of LpAFP including upstream localization 

sequences will confer this trait, or whether a combination of extra- and intra-cellular 

sequences are required.  

Recent analysis of quantitative trait loci involved in low-temperature and 

freezing-tolerance of perennial ryegrasses demonstrated multi level stress responses in 

the transcriptome, proteome, and metabolome [20]. Given the complex nature of these 

responses in a living system, it is likely that expression of a transgenic AFP alone, even 

one with high IRI, would not confer freeze-thaw survival. As most plants produce some 

form of low temperature stress response pathways, traditional breeding can produce 

members with low temperature hardiness. To exploit the expression of LpAFP and its 

IRI, it may be necessary to couple transgenic strategies with traditional breeding to 

produce plants that can appreciably benefit from the expression of this AFP. 
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Figures 

 

Figure 4.1. Fluorescent protein vector constructs. All vectors are subcloned into the 

pCAMBIA1305.1 vector after removal of the ß-glucoronidase marker gene. The transfer 

DNA region is shown between vertical bars. hptII: hygromycin methyltransferase. 

CaMV35S: Cauliflower mosaic virus 35S constitutive promoter. NOS: nopaline synthase 

terminator sequence. All restriction sites used are indicated. A. Fusion protein expression 

cassette for orange fluorescent protein (OFP) [22] with LpAFP AJ277399.1 protein 

sequence. B. OFP expression cassette. C. Enhanced green fluorescent protein (GFP) [28] 

AJ277399.1 fusion expression cassette. D. GFP expression cassette. 
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Figure 4.2. Amplified DNA derived from genomic DNA of A. thaliana mutant lines. 

Lanes 1 and 12, 1kb Plus Ladder (Fermentas). Lanes 2-6 employed primers spanning the 

CaMV35S promoter sequence to the NOS terminator sequence as described in Materials 

and Methods. Lanes 7-11 used primers for the hptII antibiotic resistance sequence of the 

pCAMBIA 1305.1 vector. Genomic DNA used as PCR template is shown as follows: 

Lanes 2 and 7: derivative pCAMBIA1305.1 vector isolated DNA lacking the GUS 

marker gene, Lane 2 and Lane 7 predicted product sizes ~475 bp and 901 bp 

respectively. Lanes 3 and 8: wild-type A. thaliana genomic DNA. Lanes 4 and 9: no 

DNA negative control. Lanes 5 and 10: OFP expressing A. thaliana mutant genomic 

DNA. Lanes 6 and 11: LpOFP expressing A. thaliana mutant genomic DNA. Lane 8 and 

9 contain the non-specific banding observed previously (Chapter 3) with this primer set. 
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Figure 4.3. Confirmation of the L. perenne mutant line expressing the LpGFP transgene 

insertion. Lanes 1-4: CaMV35S and NOS sequencing and cloning confirmation primers. 

Lanes 6-9: pCAMBIA1305.1 hptII confirmation primers. DNA templates used are as 

follows: Lanes 1 and 6: L. perenne LpGFP mutant genomic DNA. Lanes 2 and 7: wild-

type L. perenne genomic DNA. Lanes 3 and 8: pCAMBIA1305.1 derivative vector 

isolated DNA. Lanes 4 and 9: no DNA negative control. Lane 5: 1kb Plus DNA Ladder 

(Fermentas). 
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Figure 4.4. Scanning laser confocal microscopy of the L. perenne mutant line expressing 

the LpGFP fusion as visualized at ~489 nm and viewed at 200 X magnification. A. Wild-

type L. perenne. B. Mid-root of L. perenne LpGFP mutant. C. Mid-leaf of L. perenne 

LpGFP mutant. D. Root tip of L. perenne LpGFP mutant. E. Enlarged image of mid-leaf 

L. perenne LpGFP mutant. F. Enlarged image of mid-root L. perenne LpGFP mutant. 
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Figure 4.5. Scanning laser (with a wavelength of ~543 nm) confocal microscopy of A. 

thaliana mutant lines expressing the OFP and LpOFP fusion  and viewed at 630 X 

magnification. A. Wild-type A. thaliana B. OFP expression in the meristem-hypocotyl 

junction of the A. thaliana OFP mutant. C. OFP expression at the meristem-hypocotyl 

junction in A. thaliana LpOFP mutant. D. OFP expression in the mid-root of the A. 

thaliana OFP mutant. E. OFP expression in the mid-root of the A. thaliana LpOFP 

mutant. 
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Figure 4.6. Scanning laser (with a wavelength of ~543 nm) confocal microscopy of A. 

thaliana mutant lines expressing the OFP and LpOFP fusion. Panels A and B show mid 

root tissues after 20% glycerol dehydration treatment at 630 X magnification, panels C-E 

show A. thaliana tricomes at 200 X magnification. A. OFP expression in the A. thaliana 

OFP mutant. B. OFP expression in the A. thaliana LpOFP mutant. C. Wild-type A. 

thaliana tricome. D. OFP expression in the A. thaliana OFP mutant tricome. E. OFP 

expression in the mutant A. thaliana LpOFP tricome. 
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Chapter 5 

General Discussion 

Observations and speculations 

 Antifreeze proteins (AFPs) are unique molecules that are believed to provide vital 

protection to organisms during freezing stress. Unlike low temperature response proteins, 

which modify cellular dynamics and pathways to help prepare a cold- or desiccation-

resistant cell, AFPs bind to and modify growing ice crystal structures [10]. Ice-active 

proteins are not limited to ice prevention. Bacteria, like Pseudomonas syringae [17], 

have long been known to produce ice nucleation proteins which actually raise the 

freezing point of liquid water. The AFPs, however, represent a broad class of ice-

interacting molecules with the specific role of protecting host organisms from the 

damage of freezing [3]. This occurs by promoting thermal hysteresis (TH), or ice 

recrystallization inhibition (IRI) [12].  The characteristics demonstrated by these proteins 

are the product of evolution through natural selection mitigated by dynamic interactions 

with the stress of freezing temperatures. AFPs are found in certain bacteria, insects, fish, 

and plants [2; 3; 7]. Opportunistic selection of proteins from various backgrounds to 

function in ice activity has resulted in the structural diversity and multiple evolutionary 

history we observe in known AFPs today [5]. Individual proteins have been modified 

through subtle mutations to produce hydrophobic motifs, thought to interact with the 

growing surface of ice crystals, indeed many AFPs show evolutionary relationships with 

stress response proteins [22].  

 Organisms that adapt to freezing conditions do not generally share the same life 

histories. For example, fish maintain very different lifestyles than plants or bacteria. 
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Different life histories and functional needs during times of freezing-stress, have likely 

resulted in the varied functional characteristics observed in some AFPs. Fish AFPs for 

instance, generally exhibit moderate TH activities, while known plant AFPs have 

relatively low activity [33]. Insects that have been studied, demonstrate hyperactive TH 

ability, and both insect and plant AFPs show remarkably high IRI [29; 33]. Maintenance 

of physiological functions during temperatures below serum freezing limits, rather than 

freeze-thaw survival, is likely a beneficial strategy in fish, suggesting why these AFPs 

demonstrate low IRI, yet active TH. Fish AFPs show diversity in structure and function. 

There are four types of fish AFPs as well as a type of glycosylated antifreeze 

glycoprotein (AFGP), each with distinct ice-related characteristics, which have been 

outlined previously [10]. The dynamic and diverse nature of some fish AFPs is further 

demonstrated by the geographic influence on gene copy number [9], and the appearance 

of intracellular skin type AFPs [4; 16]. 

Some insects are exposed to freezing temperatures during their life history, and 

although the adult stages may be able to escape and avoid freezing, their larva and pupae 

certainly may experience a freezing event. The production of AFPs with high IRI and TH 

is advantageous for these organisms as both freeze-avoidance and controlled freezing are 

beneficial during different life stages or in different tissues. The spruce budworm, 

Choristoneura fumiferana, demonstrates TH abilities up to 4-6 ˚C [7] as well as IRI 

observable to an endpoint of 62.5 nM [33]. This remarkable high IRI and TH activity 

have led to these proteins being categorized as ‘hyperactive’ AFPs (see Chapter 1). 

 Plants, however, are non-motile organisms. Perennial plants likely experience 

freeze-thaw cycles at least once and frequently for prolonged periods. The grasses 
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function in stable turf protection, are the basis of livestock feed, and have aesthetic roles. 

The almost ubiquitous distribution of grasses in temperate regions leads to a casual 

overlooking of the economic importance of these species [31]. As these organisms have 

long since developed strategies to survive freezing, perhaps insights can be gained from 

the study of their overwintering strategies.   

 The perennial ryegrass, Lolium perenne, is a common grass found in many 

temperate regions. The grass is an outcrossing species that maintains high genetic 

diversity, and can exist as a polyploid forage- or a diploid turf-type [23]. L. perenne is a 

member of the subfamily Pooideae of the monocotyledonous Poaceae grasses and 

produces a unique antifreeze protein, LpAFP [22]. This protein has been well 

characterized since its discovery [24]: through predicted in silico modeling [11; 13], 

genome screens for homologues [15; 22; 25], ice binding assays [14; 19; 29; 33], TH and 

IRI assays ([33]; Chapter 2), gene copy analysis ([22]; Chapter 2), gene expression 

profiles ([11]; Chapter 2), and localization (Chapter 4). The ice binding face has also 

been identified ([20]; Table 3.1).   

 The information gained from these studies has revealed that LpAFP is an ice 

binding protein fragment composed of 119 aa, folded into a right handed ß-roll with a 

semi-conserved NXVXG and NXVXXG motif [13]. As indicated in previous chapters, 

LpAFP is similar to other grass derived AFPs from wheat, Triticum aestivum, barley, 

Hordeum vulgare, and the antarctic hair grass, Deschampsia antarctica, and 

demonstrates evolutionary relationships to the leucine-rich repeat of the phytosulphokine 

receptor (LRR PSK)-like gene of Oriza sativa [11; 22]. The functional ice active region 

of the recombinant protein has a molecular mass of approximately 13.5 kDa and 
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demonstrates high IRI with an endpoint of 55.5 nM, and a relatively low TH, ~0.1 ˚C at 

0.5 mg/ml ([19]; Chapter 2). It is these properties that have inspired potentials for LpAFP 

use in numerous industrial applications.  

The binding planes between ice and AFPs led to speculation that these proteins 

may also interact with gas hydrates, and LpAFP indeed does bind to and inhibit their 

growth [6; 20]. The IRI capability of LpAFP also has potential for cryopreservation 

roles, as ice crystal growth cessation presumably can prevent damaging spicular effects 

on membranes or as an additive to frozen desserts. 

 In addition to industrial applications, the potential for LpAFP use in transgenic 

frost and freeze-tolerance enhancement strategies is a promising one. The IRI observed 

with LpAFP may be the main factor which contributes to the overall frost-hardiness and 

freeze-tolerance observed in the perennial grass. It was my hope to confirm through 

“knockout” of the LpAFP, whether this protein is the single element responsible for 

freeze-thaw survival in L. perenne. Unfortunately, to date, no LpAFP(-) mutant lines 

have been regenerated. Speculatively, since L. perenne produces an endogenous AFP and 

it is a naturally freeze-tolerant organism, removal of this protein should result in a 

reduced freeze-tolerance, thus confirming the role of LpAFP. No such experiments have 

been done in any AFP producing organisms to date. Notwithstanding the challenges 

associated with the transformation of grasses (Chapter 3), L. perenne still presents a 

unique and promising model for such a study as, at least in its diploid form, it maintains 

but a small LpAFP gene family (Chapter 2; Table 3.1). 

 This thesis has attempted to better characterize and elucidate the nature of LpAFP 

through analysis of the recombinant protein characterization and native gene expression 
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(Chapter 2), attempted RNAi mediated “knockout” of the LpAFP (Chapter 3), and 

visualized the fate of this protein in plant cells (Chapter 4). Thus, studies combining 

LpAFP sequence analysis, low-temperature stress tolerance, gene and protein expression 

have been conducted with L. perenne sequences and tissues. It was demonstrated that, of 

the sequences that could be amplified in diploid L. perenne, the increase in AFP 

transcript abundance paralleled increases in IRI activity after 48 h at 4 ˚C (Chapter 2). 

The subsequent loss of transcripts and IRI activity when low temperature stress was 

removed may be in concert with circular dichroism assays demonstrating a fold 

modification at ~15 ˚C for LpAFP. LpAFP transcript levels demonstrated a clear 

temperature dependence. I believe that protein fold modification may stimulate 

degradation or loss of function to the native protein. Although, why it might be beneficial 

to “get rid” of this protein when it is not required is unknown. 

I attempted a strategy of targeted protein “knockdown” through RNA interference 

(Chapter 3). I created double stranded RNA-producing vector constructs specific to the 

LpAFP ice active coding sequence and attempted to express these constructs in L. 

perenne. As indicated, although no successful LpAFP(-) were generated in this thesis, 

future experiments will benefit from the technical modifications and suggestions 

presented in Chapter 3, as well as the vector construction. 

The transformation of fused fluorescent protein sequence to LpAFP into L. 

perenne and Arabidopsis thaliana mutant lines was presented in Chapter 4. This work 

has elucidated that speculations of LpAFP acting as a plant leaderless secretory protein 

(LSP) were incorrect ([1]; Chapter 4). The hypothesis of an LSP role for LpAFP 

originated from suggestive factors such as 6 N-linked glycosylation sites, a predicted 
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apoplastic localization and role in stress response, and original identification of the 

protein lacking upstream export signal peptides [1]. The identification of a “truncated” 

LpAFP isoform that appears under positive selection in the L. perenne genome further 

inspired the LSP hypothesis [22]. Positive selection implies a functional role within the 

organism. We predicted, that if LpAFP were a LSP, fluorescent fusion proteins would be 

found in the apoplastic or extracellular space, while control fluorescent proteins would 

be found localized in the cytoplasm. However, there was no difference between 

fluorescent proteins expressed alone and LpAFP fusion with fluorescent protein markers, 

suggesting LpAFP requires upstream localization and cleavage peptides (Chapter 4). 

This is further supported by recent modeling of a member of the LpAFP gene family in 

which N-terminal apoplastic localization peptides and disulphide cleavage bond sites are 

predicted [11]. Identification of LpAFP as an LSP would have been novel in the world of 

plant secretory proteins, and in light of genetic transformations strategies, may have 

presented a protein which could easily confer its properties to host species. That no 

difference between constructs was seen in LpAFP-fluorescence marker studies suggests 

that LpAFP is not an LSP. However, fluorescent protein fusions may not be able to 

follow LSP export pathways. This is unknown. Nevertheless, at present, the results of 

Chapter 4 raise the potential importance of upstream signal peptides in the appropriate 

localization of the LpAFP to its functional role in the apoplastic space. Previous attempts 

at transgenic expression of other AFPs in plants have demonstrated the importance of 

signal peptides in apoplastic localization [32]. As it has been shown that the apoplast is 

the area of primary ice formation in plants due to lower solute concentrations, targeting 
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of the high IRI ability of LpAFP to this region is intuitive and likely necessary to confer 

freeze-tolerance in future transgenic plants. 

What role, then, does the truncated yet active LpAFP play in freeze-tolerance? It 

is possible that like some fish AFPs, it has an intracellular function such as membrane 

support. Recombinant LpAFP has demonstrated abilities in synthetic membrane 

stabilizations as well as cryoprotection of embryos [18; 28]. Perhaps, if the “truncated” 

LpAFP remains intracellular, this protein may function in a membrane support role 

within the cell, either nuclear or on the inside of the cell membrane. In some images (see 

Chapter 4), bright fluorescence was observed around cell nuclei, however, microscopy 

could not further determine if this was due to organellar and vacuole organization or 

through membrane binding itself. As the nucleus is a vital cellular compartment, the 

localization of intracellular AFP to protect this membrane during freezing is logical. 

Previous work has determined that AFGPs from fish are able to bind to and stabilize 

many types of lipid membrane structures [30] Whether LpAFP demonstrates this 

capacity is not yet known, but the glycosylated residues may facilitate this. AFGPs may 

also have similar abilities. Experiments could be conducted by comparing LpAFP 

expressed in a yeast or algae system, with that expressed in a bacterial system, as the 

former would, presumably, be able to perform post-translational glycosylation of the 

protein. 

Future studies to determine the role that LpAFP gene family isoforms play in 

cellular resistance to freezing must be conducted to ascertain functional characteristics of 

these variable sequences. A suggestion inspired by this thesis would be to transform both 

“full length”, “truncated”, and combinations of these two constructs containing LpAFP 
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protein coding sequences, under constitutive expression to a model plant system such as 

A. thaliana. The resulting freezing-tolerance levels through assays such as the electrolyte 

leakage and IRI assays could then be determined. Further work in this regard may 

require optimization of the host promoter to function in concert with plant low 

temperature responses to appropriately express these properties in host species. Further 

analysis of “truncated” LpAFP not functioning as a LSP, and determination of whether 

fluorescent protein fusion prevented this activity, could be attained through the 

expression of this protein alone in model tissue such as A. thaliana and assay of the 

guttation fluid for protein activity.  

Plants exhibit a host of low temperature stress response proteins, as seen in the 

cold response genes of A. thaliana and their recent identification in L. perenne [26; 27; 

34]. It is likely that AFP production is not the sole factor responsible for freeze-tolerance 

observed in certain species, rather, the combined low temperature responses are likely to 

include AFPs [23]. Indeed, it is still unknown how multiple isoforms of LpAFP function, 

either independently or in concert, to confer IRI and whether at least one of them 

function in intracellular support. Future studies will be required to fully comprehend the 

complicated stress response pathways which generate freeze-thaw survival. However, I 

believe the role of AFPs is a prominent factor in freeze-tolerance.  

The roles of truncated and non-truncated LpAFP must be ascertained, and if 

indeed the truncated sequence is required for intracellular support, transgenic trait 

development may be more plausible if both truncated and non-truncated sequences can 

be transformed into host tissue. It is not the goal of this thesis to discuss the multiple 

factors associated with potential transgenic frost-tolerance enhancement, such as 
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promoter optimization, codon bias, and transgenic breeding strategies, however, these are 

likely factors which will also influence future attempts in this area. 

Conclusions 

As well as contributing to our knowledge of an AFP in an important crop, I have, 

for the first time to my knowledge, attempted the “knockout” of an antifreeze protein in 

its native system. Although technically unsuccessful, the insights gained through its 

development have further broadened our understanding of LpAFP in the life history of L. 

perenne. This thesis has suggested strategies for future studies, and may inspire work in 

the optimization of AFP transgenic trait transfer. The greatest contribution, however, 

may lie in the efforts that have been made to generate transgenic plants, since it is my 

hope that in the future, LpAFP will be able to confer an IRI phenotype to extend the 

growing season and geographic range to a host of beneficial crops.  
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Table 3.1. Characteristics of LpAFP, results of this thesis, and speculations for transgenic 
applications. 

1This thesis 
2Yu, et al. 2010 
3Pudney, et al. 2003 
4Kuiper, et al. 2001 
5Middleton, et al. 2009 
6Sandve, et al. 2008 
  

Low temperature strategy Freeze tolerance 
TH (˚C at 0.5 mg/ml) and IRI 
endpoint (nM) ~0.11,2,3 and 55.51,2,3 

Gene copy number Few, determined by cDNA transcripts and Southern blot 
analysis.1 

Structure 

<15 ˚C – ß-roll  
>15 ˚C – slight fold modification occur 
>25 ˚C – fold modification 
>40 ˚C – further fold modifications, ß-roll structure lost, 
presumably, protein unfolds.1,4 

Ice binding site “flat” highly substituted TVT residues within NXVXG 
repeats.5 

Gene family 
Several C-terminal homologous isoforms identified in 
plants of unknown ploidy including 3 “full length” and 
one “truncated” isoform.6 

Functions as a leaderless secretory 
protein (LSP)? No1 

Localization 

“Full length” isoforms: N-terminal signal peptides and 
cleavage sites targeted to apoplast.  
“Truncated” isoform: targeted to cytoplasm, although 
unknown localization within.1 

Gene expression and potential 
applications 

Low temperature transcript accumulation associated 
with IRI activity.1 
Recombinant protein: cryoprotective roles, gas hydrate 
inhibition, and frozen food additive. 
Transgenic: use in IRI phenotype transfer to important 
crop species, extend growing season and geographical 
range. 
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Appendix A 

Figure A.1. Scanning laser confocal microscopy of F1 A. thaliana mutant lines 

expressing the GFP and LpGFP fusion as visualized under ~489 nm, at 400 X 

magnification, scale bars are shown. A. GFP expression in the root of the A. thaliana 

GFP mutant. B. GFP expression in the same root of A. thaliana GFP mutant after 

treatment with 20% glycerol solution C. GFP expression in the root of the A. thaliana 

LpGFP mutant. D. GFP expression in the same root of A. thaliana LpGFP mutant after 

treatment with 20% glycerol solution.  
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Appendix B 

PCR Concentrations for cloning and detection reactions used in all chapters: 

 

Components Final conc. Cloning, insert 
generation 

Colony 
screening 

RT-PCR, 
(Chapter 2) 

10X PCR buffer 1 X 5 µL 2.5 µL 2.5 µL 

2 mM dNTPs 0.2 mM each 5 µL 2.5 µL 2.5 µL 

25 mM MgCl2 1.5 mM 3 µL 1.5 µL 1.5 µL 

20 uM Primer 1 0.5 uM 2 µL 1 µL 1 µL 

20 uM Primer 2 0.5 uM 2 µL 1 µL 1 µL 

Taq 5U/uL 0.025U/uL 1 µL (Platinum 
pfuTM taq 

polymerase) 

0.5 µL  
(Qiagen taq 
polymerase) 

0.5 µL 
(Qiagen taq 
polymerase) 

DNA Template ~ 30ng 1 µL 1 µL 1 µL 

H2O  31 µL 15 µL 15 µL 

Final volume per 
reaction 

 50 µL 25 µL 25 µL 
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Appendix C 

Protocol for Agrobacterium tumefaciens-mediated transformation of L. perenne. 

Conducted in Chapter 3 and 4 of this thesis. Original protocol by:  

Bajaj, S., Y. Ran, J. Phillips, G. Kularajathevan, S. Pal, D. Cohen, K. Elborough, and S. 

Puthigae. 2006. A high throughput Agrobacterium tumefaciens-mediated transformation 

method for functional genomics of perennial ryegrass (Lolium perenne L.). Plant Cell 

Reports 25: 651-659. 

For all medias discussed, including hormone and antibiotic concentrations, see 

accompanying media lists. 

1. Shake L. perenne seeds (variety: Pacific Seed Diploid) at 100 rpm in 50% sulphuric 

acid to remove husk. Scale volumes to immerse seeds fully. 

2. Wash de-husked seeds in running water for 1 hour and heat to 56 ˚C to kill endophyte. 

3. Soak seeds in commercial bleach with 1/2500 volume of Tween 20TM detergent for 20 

minutes. Rinse with distilled water and dry on sterile filter paper. 

4. Plate seeds  in sterile, Laminar flow hood, onto Seed Germination media. Allow to 

synchronize at 4 ˚C for 48 hours. After synchronization, move to 22 ˚C in the dark for 

5-7 days. 

5. When germination occurs, place plates in growth chamber conditions, 16 hour 

photoperiod at 22 ˚C for regular growth. 

6. When seedlings are greater than 2 cm and root tissues are established, cut 

meristematic region just above seed, using sterile scalpel in a Laminar Flow hood. 
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7. Depending on meristem diameter, either longitudinally slice tissue or leave intact as 1 

cm fragments of stem to expose the meristem. Place cut tissue on Callus Induction 

(CI) media. 

8. Leave cut fragments in the dark at 22 ˚C for ~4 weeks to allow callus induction. 

9. Callus cells can be maintained on CI media indefinitely, however, transformation 

efficiency is highest using young callus and should be conducted as soon as 

embryogenic calli are available in sufficient numbers for transformation. 

10. Generation of new embryogenic callus should be ongoing and screening of callus for 

embryogenic cells should be conducted weekly. 

11. 5-7 days prior to transformation, embryogenic callus must be placed on Subculture 

media, the hormone changes are important for transformation efficiency. 

12. Prepare all necessary culturing medias and antibiotics for upcoming weeks. 

13. Day of transformation: Grow Agrobacterium cultures to an optical density of 0.6 prior 

to transformation. Culture density must be between 0.5 and 0.6 to ensure that log 

growth of the bacterial culture is occurring. Depending on the vector used, antibiotic 

selection must be optimized. For the pCAMBIA1305.1 vector constructs, add both 

Kanamycin (at 50mg/ml) and hygromycin (at 25mg/ml) to mannitol glutamate (MG) 

culture media to ensure purity. 

14. Spin Agrobacterium cultures at 4000 rpm at 4 ˚C for 5 minutes, decant supernatant, 

and wash the pellet through resuspension in basal MS media without Acetosyringone 

(See media list, liquid MS media). 

15. Centrifuge Agrobacterium cultures again, decant supernatant and resuspend in liquid 

MS containing 400 µM Acetosyringone to an OD of 0.6. 
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16. Add embryogenic L. perenne callus to bacterial-media culture. 

17. Shake gently for 10 minutes. 

18. Decant bacteria-containing supernatant trough sterile cheese cloth and plate L. 

perenne calli on sterile filter paper within petri plates. Use laboratory film to seal 

plates and store at 22 ˚C in the dark for four days. 

19. Move calli onto first round selection media for two weeks. Leave in the dark at 22 ˚C. 

20. After two weeks move calli to second round selection media for two more weeks. 

Leave in the dark at 22 ˚C 

21. Transfer calli to regeneration media and place in growth chamber at 22 ˚C with 16 

hour photoperiod under regular light conditions. Colour changes will occur in callus 

over coming days as tissue begins to regenerate. 

22. Once shoots begin to form, mature shoots can be teased apart from callus balls and 

other shoots and planted in maintenance media until they are ready to be transferred to 

soil and glasshouse conditions. Gently press existing roots into media to optimize 

establishment of plants. 
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MS	  Media	  	  -‐	  Seed	  
Germination	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  
(MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   	  
dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

Benomyl	   170µM	   0.0494g/L	   Dissolve	  in	  DMSO	  
or	  DMF,	  add	  to	  
media	  at	  50	  ˚C.	  

MS	  Media	  	  -‐	  Callus	  
Induction	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  
(MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   	  
*2,4-‐
dichlorophenoxyacetic	  
acid	  (2,4-‐D)	  

22.6µM	   0.005g/L	   Note	  the	  addition	  
of	  2,4-‐D,	  dissolve	  
in	  NaOH	  at	  95˚C	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
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MS	  Media	  	  -‐	  
Maintenance	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   Note	  the	  Sugar	  
Benzil	  Adenine	   8.8µM	   0.002g/L	   Note	  the	  addition	  

of	  BA.	  Dissolve	  in	  
Na/KOH	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

MS	  Media	  	  -‐	  
Regeneration	  of	  wild	  
type	  callus	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Maltose	   3%	   30g	   Note	  the	  sugar	  
Benzil	  Adenine	   4.4µM	   0.001g/L	   Note	  the	  addition	  

of	  BA.	  Dissolve	  in	  
Na/KOH	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
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MS	  Media	  	  -‐	  Subculture	  
5-‐7	  days	  prior	  to	  
transformation.	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   Note	  the	  sugar	  
*2,4-‐
dichlorophenoxyacetic	  
acid	  (2,4-‐D)	  

9µM	   0.002g/L	   Note	  the	  addition	  
of	  2,4-‐D.	  
*Double	  check	  
ratio	  

Benzil	  Adenine	   0.44µM	   0.0001g/L	   Note	  the	  addition	  
of	  BA.	  
*Double	  check	  
ratio	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

MS	  Media	  	  -‐	  Liquid	  for	  
transformation	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   	  
Glucose	   10%	   10g	   	  
dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.2	   	   	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

	   	   If	  media	  for	  
second	  wash	  
add	  400	  µM	  

Acetosyringone,	  
filter	  sterilized.	  
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MS	  Media	  	  -‐	  Selection	  
(first	  two	  weeks)	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   Note	  the	  sugar	  
*2,4-‐
dichlorophenoxyacetic	  
acid	  (2,4-‐D)	  

9µM	   0.002g/L	   Note	  the	  addition	  
of	  2,4-‐D.	  
*Double	  check	  
ratio	  

Benzil	  Adenine	   0.44µM	   0.0001g/L	   Note	  the	  addition	  
of	  BA.	  
	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

Hygromycin	   94.8µM	   50mg/L	   	  
Timentin	   	   500mg/L	   2mL	  of	  

reconstituted	  
TimentinTM	  
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MS	  Media	  	  -‐	  Selection	  
(second	  two	  weeks)	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Sucrose	   3%	   30g	   Note	  the	  sugar	  
*2,4-‐
dichlorophenoxyacetic	  
acid	  (2,4-‐D)	  

9µM	   0.002g/L	   Note	  the	  addition	  
of	  2,4-‐D.	  
*Double	  check	  
ratio	  

Benzil	  Adenine	   0.44µM	   0.0001g/L	   Note	  the	  addition	  
of	  BA.	  
	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

Hygromycin	   151.6µM	   69mg/L	   1.38	  ml/L	  of	  
50mg/ml	  solution	  

Timentin	   	   500mg/L	   2mL	  of	  
reconstituted	  
TimentinTM	  
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MS	  Media	  	  -‐	  
Transformant	  
Regeneration	  Media	  

Final	  
concentration	  

For	  1L	   	  

Murashige	  and	  Skoog	  
Basal	  Salt	  Mixture	  (MS)	  

	   4.3g/L	   	  

Maltose	   3%	   30g	   Note	  the	  sugar	  
Benzil	  Adenine	   4.4µM	   0.001g/L	   Note	  the	  addition	  

of	  BA.	  
	  

dH2O	   	   Fill	  to	  1000ml	   	  
pH	  to	  5.7	   	   	   	  
Phytagel	   	   3g	   	  
Autoclave	   	   Liquid	  cycle	  20	  

min	  (121oC)	  
	  

Hygromycin	   47.4µM	   25mg/L	   500µL/L	  of	  
50mg/ml	  solution	  

Timentin	   	   250mg/L	   1mL	  of	  
reconstituted	  
TimentinTM	  


