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ABSTRACT 

An ice nucleating protein (INP) with 66% amino acid sequence identity to the better-known INP 

of Pseudomonas syringae has been described in an environmental isolate of P. borealis and 

designated InaPb. Despite the fact that INPs are classified as ice-binding proteins, InaPb showed 

little affinity for pre-formed ice and showed incorporation rates similar to Ina- strains. 

Additionally, it appeared to lack in the ability to shape ice or limit its growth. However, it was an 

effective ice nucleator. Using the coding sequence for InaPb and a green fluorescent protein tag 

(GFP), an InaPb-GFP fusion protein construct was inserted into a broad host expression vector in 

order to visualize the expression and localization of the protein in E. coli and an Ina- strain of 

P.syringae. The InaPb-GFP protein appears to localize at the poles of E. coli, but the nucleation 

temperature for these cells was only marginally above -9°C, which indicated poor nucleation 

activity. When expressed in Ina- P. syringae, the proteins showed clustering throughout the cell 

and an increased ability to nucleate ice following cold conditioning. The ability to nucleate ice 

was further increased by the removal of the GFP tag resulting in an average nucleation 

temperature more consistent with that seen in the native host P. borealis. Since inaPb transcript 

levels did not appear to change after cold conditioning, the clustering seen using fluorescence 

microscopy was likely the result of increased aggregation of protein in the membrane. Most INP- 

producing bacteria are associated with plant disease, but experiments with P. borealis suggested 

that the Ina+ phenotype was not indicative of pathogenicity in this strain. It is hoped that my 

contribution to the functional characterization of this INP will lead to a better understanding of 

these special proteins and their importance to the handful of bacteria that exhibit this activity. 
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CHAPTER 1.  INTRODUCTION AND LITERATURE REVIEW 

 

Organisms that face extreme conditions and environmental fluctuations have developed 

adaptations to survive and reproduce.  Low temperature is a threat faced by some organisms 

either all year round or seasonally. Freezing causes damage to tissues and cells and certain 

organisms have adaptive mechanisms to avoid, limit or control freezing. One strategy is to 

produce ice-associating proteins to allow some control over ice formation and propagation, and 

the temperatures and rates at which freezing events occur. Species have been described that 

produce and accumulate various ice-associating compounds such as ice-binding proteins (IBPs),  

cold shock proteins, chaperones and various cryoprotectants including polyols and amino acids 

(Zachariassen and Kristiansen, 2000).  

1.1 Ice binding proteins 

IBPs consist of two classes of proteins with seemingly opposite functions: antifreeze 

proteins (AFPs) and ice nucleating proteins (INPs). AFPs inhibit ice crystal growth and INPs 

initiate the growth of ice, preventing extensive supercooling of water. There are even reports of 

these two classes of IBPs found in the same organism (Duman et al., 1991). Some authors 

hypothesize that in organisms where both AFPs and INPs are present, the organism can 

essentially dictate when ice should form and subsequently control its growth. This is classically 

demonstrated in select freeze-tolerant insects which have been shown to accumulate ice 

nucleating proteins or lipoproteins in hemolymph and/or interstitial fluids (Zachariassen and 

Hammel, 1976). The activity of these nucleating compounds is accompanied by an increased 

production of AFPs and polyols. In such insects, it appears that the ice nucleators catalyze ice 

formation which is then controlled by the AFPs and the polyol concentration. It has been found 
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that Pseudomonas fluorescens KUAF-68, isolated from Antarctica, produced both AFPs and 

INPs (Kawahara et al., 2001). A similar mechanism has been proposed for a single protein, 

AfpA, in the bacterium Pseudomonas putida (Xu et al., 1998). The same study suggests that the 

ice nucleation domain causes the formation of extracellular ice, while the antifreeze domain 

maintains the crystals at a non-damaging size. This is supported by the observation that the 

presence of both these proteins results in enhanced antifreeze activity, after the formation of an 

AFP-INP complex (Duman et al., 1991). It is important to note however, that the IBPs involved 

in any of these examples have never been fully characterized.  

1.1.1 Antifreeze proteins 

AFPs or thermal hysteresis proteins (THPs) were first reported in insects (Ramsay, 1964). 

Subsequently, antifreeze glycoproteins (AFGPs) were noted in a species of Antarctic fish 

(DeVries and Wohlschlag, 1969). In the five decades since, AFPs have been isolated from 

organisms as diverse as fish, insects, fungi, plants and bacteria. These proteins inhibit the growth 

of ice by specific, irreversible binding to growing ice crystals, limiting their growth usually to 

one or more specific axes. AFPs adsorb preferentially to specific planes of ice crystals and force 

the crystal to grow in a thermodynamically unfavourable manner at points where no protein is 

bound (Knight et al., 1998). The benefits of this binding are twofold: growth of pre-formed ice is 

restricted (recrystallization inhibition) and the freezing point of the solution is depressed (Yeh 

and Finnney, 1996).  The difference between the depressed freezing point and the melting point 

is used to assay AFPs and is known as thermal hysteresis (TH).  

It has been proposed that AFPs bind to ice not through hydrogen bonding but through 

surface-surface complementarity between the protein‘s ice-binding site and ice, accompanied by 

hydrophobic and van der Waals interactions (Davies et al., 2002; Jia and Davies, 2002). As a 
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result the AFP becomes incorporated into the growing ice as ice slowly grows over the bound 

protein (Raymond and Devries, 1977). This incorporation into the ice crystal has been supported 

by fluorescence microscopy and demonstrates an irreversible binding of the protein to the ice 

crystal (Pertaya et al., 2009). Additionally, the binding of AFPs to an ice crystal can cause a 

slight increase melting in melting temperature (melting hysteresis) as water molecules covered 

by protein are not able to leave the crystal structure (Celik et al., 2010). Presumably organisms 

produce these proteins in order to limit the size and rate of growth of an ice crystal to minimize 

the damage to the surrounding tissues.  

1.1.2 Ice nucleation proteins 

INPs have been described in a variety of organisms including bacteria, fungi, insects, 

plants and lichens (Wolber and Warren, 1989). Interestingly, although there are a variety of non-

biological ice nucleators, usually mineral particles such as silver iodide, they are not as effective 

at nucleating ice as the biologically-derived nucleators (Fukuta and Mason, 1963). All ice 

nucleating compounds (biological, synthetic organic or inorganic) prevent the extensive 

supercooling of water by acting as a template for ice formation at temperatures close to 0C 

(Turnbull and Vonnegut, 1952). Small droplets of water can be supercooled to approximately 

−40C before homogeneous ice nucleation occurs and causes the sample to freeze (Pruppacher, 

1995). In biological systems, INPs prevent supercooling and precipitate heterogenous ice 

nucleation at temperatures much higher than -40C by forming an ice nucleus from which ice 

can form (Wolber and Warren, 1989).  

The mechanism of action for all ice nucleators is subject of much research, but the 

current theory is that these compounds act as a template for ice formation by exhibiting surface 

properties similar to that of ice and thus allowing the water molecules to arrange in an ice-like 
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lattice to form the template (Green and Warren, 1985). It is predicted that effective ice nucleators 

must be large in diameter and have a surface free energy similar to that of ice (Fletcher, 1963 and 

1958). By similar reasoning, it was determined that an individual ice nucleator will have a 

characteristic nucleation temperature and that cooling rates should not have a significant effect 

on the nucleation temperature (Fletcher, 1960). This organization of water molecules along an 

ice nucleator results in the formation of the ice nucleus which catalyses the water-ice phase 

transition.   

Biological ice nucleators such as bacterial INPs are categorized based on the temperature 

at which they nucleate ice.  They are defined as either Type I, II and III with threshold 

temperatures ranging from -2°C to -5°C, -5°C to -7°C, and -7°C to -10°C, respectively 

(Yankofsky et al., 1981).  More recently, INA classifications have been reviewed and modified 

to Class A, Class B and Class C INPs which nucleate ice above -4.5°C , between -6°C and -7°C  

and at -8°C and cooler, respectively (Turner et al., 1990), but the earlier-described categories are 

still in use.  

The most effective ice nucleators known are bacterial INPs. The first indication of 

bacterial ice nucleation was documented by Schnell and Vali (1972) after they observed that 

decaying tree material acted as a source of ice-nucleating particles. Subsequently, ice nucleating 

activity (INA) has been described in strains of a select number of bacteria including 

Pseudomonas syringae, Pseudomonas fluorescens, Pseudomonas viridiflava, Pseudomonas 

chlorooraphis, Pseudomonas putida and Psuedomonas antarctica,  Panteola agglomerans 

(formerly known as Enterobacter agglomerans and part of the Erwinia herbicola-Enterobacter 

agglomerans complex), Erwinia herbicola, Erwinia ananas,  Erwinia uredovrora, Xanthomonas 

campestris pv. translucens, and Xanthomonas campestris, (Maki et al., 1974; Arny et al., 1976; 
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Lindow et al., 1978a; Lindow et al., 1978b; Kaneda, 1986; Newton and Haward, 1986; Kim et 

al., 1987; and Obata et al., 1999).  These strains are all Gram-negative though there has been a 

report of the Gram-positive Exiguobacterium with moderate INA (Ponder et al., 2005). In this 

case the putative INP was not characterized. 

 As indicated, not all strains of the same species exhibit INA, but those that do are 

described as being Ina+ (Lindow, 1982).  A high cell-to-cell variability in the ability to nucleate 

ice has been seen among bacteria with the Ina+ phenotype (Hirano et al., 1978). Whether a 

tradeoff in fitness accompanied by the Ina+ phenotype exists is unclear (Lindow et al., 1993) but 

not every cell in a bacterial population is active as an ice nucleus at a given time and among 

those that are active, much is much variation in nucleation activity has been demonstrated 

(Lindow et al., 1978a), encompassing the different type or class categories. Bacteria that 

maximally exhibit INA have been shown to have some of the highest nucleation temperatures 

and are almost all considered to be Type I nucleators, however, other factors can affect these 

nucleation temperatures. 

1.2 Factors affecting ice nucleation  

            A variety of abiotic and biotic factors have been shown to impact bacterial ice nucleation 

activity including temperature, growth stage, medium composition, localization of the INP and 

genotype. The influence of these distinct factors on INA activity has contributed to the 

challenges associated with the study of INPs. 

1.2.1 Growth conditions and INA 

The recovery of INA has been reported to be dependent on culture or incubation 

temperature of Ina+ bacteria, and incubation temperature can drastically affect the ability of 

bacterial cells to nucleate ice. Most pseudomonads, including Ina+ species, can be cultured at 
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temperatures ranging from 4°C to 37°C with the optimum temperature of about 20°C (Alford, 

1959). INA in pseudomonads grown at various temperatures within this range has been 

investigated. For example, Li and Lee (1998) investigated the effect of growth temperature on 

the INA of E. herbicola. This study found that cells grown at the sub-optimal temperature of 

18°C showed 4 000 times higher INA when assayed at -4°C than those grown at the optimal 

temperature of 22°C. Li and Lee (1998) also showed that nucleation at high sub-zero 

temperatures was much more dependent on growth temperature than nucleation at lower 

temperatures (i.e. Type I activity was much more dependent on growth temperature than Types II 

and III). Similar results have been shown for P. fluorescence and P. syringae (Obata et al., 1987; 

Maki et al., 1974). Likewise, when recombinant INPs (from P. syringae S203; InaZ) were 

expressed from high copy number in E. coli, manipulation of the growth temperature of the 

culture could optimize INA (Orser et al., 1985). A lower growth temperature (20°C) showed a 

maximum level of nucleation as opposed to the usual growth temperature of 37°C.  

Cells grown at optimal growth temperatures can also be ―conditioned‖ to increase INA 

(see below). Low-temperature conditioning has been shown to increase the temperature at which 

Ina+ bacteria can nucleate ice. For example, P. syringae must be exposed to low temperatures 

(4° C) in order to achieve efficient INA and such conditioning is rapid (Lindow et al., 1978b; 

Anderson et al., 1982). Rogers et al. (1987) examined this phenomenon in E. herbicola and 

reported that low temperature conditioning near 5°C increased INA regardless of the initial 

growth temperature. Nucleator stability (the ability to consistently nucleate ice at the same 

temperature following numerous freeze-thaw cycles) was also increased when cells were 

previously subjected to low temperature conditioning. This increase in stability, however, was 

not seen in P. syringae (Maki et al., 1974). 
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The growth stage at which INA is apparent varies between Ina+ species. Deininger et al. 

(1988) employed immunofluorescence to show that the InaZ protein appeared in P. syringae in 

the stationary phase and its appearance was correlated with the Ina+ phenotype. However, the 

InaW protein of P. fluorescens and its corresponding Ina+ phenotype were seen throughout the 

growth of the culture. Rogers et al. (1987) showed that log-phase active metabolism and protein 

synthesis were required for cell-associated INA in E. herbicola. Later, Li and Lee (1998) 

demonstrated that extracellular ice nucleators (see 1.2.2 below), released from certain Ina+ 

bacteria, had maximal INA corresponding to the late log or early stationary phase of their parent 

bacteria.  

As Ina+ cultures grow, not surprisingly even the cell concentration can affect INA. Maki 

et al. (1974) found that nucleation temperatures increased with increased cell concentration, and 

that dilution of cultures resulted in lower nucleation temperatures. As high cell concentrations 

are reached, however, the nucleation temperature plateaus and activity becomes independent of 

the number of cells (Obata et al., 1989; Stewart and Bear, 1988). This is representative of the 

non-linear relationship between INP concentration and INA (Southworth et al., 1988). This 

relationship was attributed to a rate-limiting step in the formation of ice nuclei that is consistent 

regardless of cell concentration in both E. coli and wild-type P. syringae expressing the InaZ 

protein. It was proposed that this limiting step may entail the aggregation of the InaZ protein in 

the membrane to maximize INA. 

As well as temperature and growth stage, growth media composition has also been shown 

to affect the INA of bacterial cultures, depending on the strain examined. For example, E. 

herbicola cultured without Bacto-peptone and Bacto-casamino acids did not show the expected 

INA suggesting that those sources of nitrogen could be essential for INA (Li and Lee, 1998). In 
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contrast, a simple medium of mannitol, yeast extract and magnesium sulfate was used to produce 

typical Type I INA in P. syringae (Hendricks et al., 1988). INA has been enhanced by the 

addition of glucose, glycerol, ammonia salts and citric acid (Obata et al., 1987), or fatty acids 

and Tween 20 (Nemecek-Marshal et al., 1993). Mineral composition of the media is also an 

important consideration as minerals have been shown to act synergistically to enhance INA 

(Pooley and Brown, 1991).  Substances such as lectins, borate compounds and various antibiotics 

have been shown to decrease bacterial INA (Obata et al., 1989) but ironically, antibiotics such as 

streptomycin that kill Ina+ bacteria do not affect INA (Maki et al., 1974). Delipidation decreased 

INA, as did any disruption of the cell membrane by compounds such as sodium dodecyl sulfate 

and 2-mercaptoethanol (Kozloff et al., 1993; Maki et al., 1974; Sprang and Lindow, 1981).  

1.2.2 Localization of nucleating activity 

Some of the above mentioned observations suggest that the outer membrane could be 

important for ice nucleation, and thus it is surprising that Govidarajan and Lindow (1988) 

showed that the loss of lipopolysaccharide, a major component of the Gram negative outer 

membrane, did not significantly decrease INA. The loss of phospholipids, however, resulted in a 

dramatic decrease in INA. In the same study, the phospholipid dependency of INA was further 

established by the restoration of the lost function of INA by the re-addition of removed 

phospholipid components to a membrane preparation. Thus, these experiments demonstrated the 

requirement of a membrane structure for efficient INA. This supports the finding that Ina+ cells 

can be concentrated and frozen, lyophilized or killed and INA will remain (Suslow et al., 1982). 

The discovery that membrane disruption resulted in decreased INA generated the theory 

that INPs were localized in the membrane of the cell. Maki et al. (1994) originally demonstrated 

that INA was associated with whole cells.  Previously, Sprang and Lindow (1981) had shown 
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that ice nuclei were present in cell membranes and found that the majority of the INA seen for a 

culture of P. syinagae was associated with the outer membrane fraction of the cells. Later, 

isolation and probing of membrane fractions with antibodies raised against the  P. syringae 

B728a INP protein, iceC, showed that the INPs were localized primarily, if not exclusively, in 

the outer membrane of P. syringae and E. coli containing the cloned iceC gene (Lindow et al., 

1989). Schmid et al. (1997) showed that the InaZ protein (INP of P. syringae S203) was also 

localized in the outer membrane. The same study showed the variable localization of this protein 

when over-expressed in E. coli. They attributed such variability to the over expression and 

resultant sequestration of the protein in inclusion bodies within the cell and this suggestion was 

supported by the diminished nucleation ability of these transformed lines compared to wild-type 

P. syrinagae S203. These and other studies have shown that INA is indeed associated with cells 

and cell membranes.  

Despite the association of INA with bacterial membranes, Phelps et al. (1986) 

investigated a variety of Ina+ bacteria and found that E. herbicola and other species of its genera 

could release cell-free ice nuclei into the surrounding environment. These were described as 

extracellular ice nucleators (ECINs). Since this discovery, ECINs have been reported from P. 

viridiflava, P. antartica, E. uredovora and P. fluorescens (Kawahara et al., 1993; Muryoi et al., 

2003: Obata et al., 1990; 1993). The identification of these ice nucleators signified an exciting 

possible source of high efficiency nucleators free from bacteria cells for use in the food 

processing and freezing industry (Li and Lee, 1995). This potential has led researchers to 

recombinantly produce ECINs of P. syringae (InaZ) in organisms better suited for application in 

biotechnology and the food industry (Tegos et al., 2000). The INA associated with ECINs 

appears to be associated with outer membrane vesicles shed by cells, indicating that these 
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proteins still required association with a membrane (Phelps, 1986). Additionally, the release of 

ECINs from the cell and the INA of ECINs is also dependent on culture conditions and growth 

media (Li and Lee, 1998), as is INA of whole bacteria.   

1.2.3 Ice nucleation genotype and translational product 

It is generally accepted that INPs are coded by a single, chromosomally-integrated gene 

(Corroto et al., 1986). This relationship is supported by studies that show that the deletion of the 

gene abolishes the nucleation phenotype (Warren et al., 1987). P. syringae is the most 

thoroughly studied of all Ina+ bacteria. In P. syringae, the InaZ gene was characterized as one 

long open reading frame with three distinct regions (Green and Warren, 1985). Since this 

characterization, other INP genes have been identified from a variety of other Ina+ bacteria 

including InaW from P. fluorescens, InaPb from Pseudomonas borealis DL-7 and iceC from P. 

syringae strain B728a  (Warren et al., 1987; Wu et al., 2009; Orser et al., 1985).  The size of the 

gene tends to vary with each strain, with a 4.5 kb gene in P. syringae and a 5.7 kb gene in E. 

herbicola, however, the repetitive nature of the sequences and the three distinct regions are 

consistently seen (Orser et al., 1985).  From this, as well as other evidence (see below), it can be 

concluded that the genes are homologous and their action is host independent. 

1.2.3.1 INP structure and aggregation  

All INP sequences contain a high level of repetitive sequence which is due to the periodic 

repetition of a consensus sequence in the large central region of the coding region. In InaZ, this 

central region comprises most of the sequence with approximately 20% of the remaining 

sequence coding unique N (~15%) and C (~4%) terminal domains (Wolber and Warren, 1989). 

The general structure of INPs based on the three known at the time as well as the consensus 
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sequence, is shown in Fig.1. A comparison of the P. syringae INP (InaZ) and P. borealis DL-7, 

which is the most divergent INP sequenced to date (Wu et al., 2009) is shown in Fig. 1. 

The unique and strongly-conserved primary structure of INPs amongst evolutionary 

distinct bacteria is thought to be the result of horizontal gene transfer between plant epiphytes by 

a transduction mechanism (Edwards et al., 1994). As shown in Fig. 1, INPs have three distinct 

domains (Wolber and Warren, 1989). Generally, the first two of these repeats has high fidelity in 

a period of 48 residues. Each period of 48 residues is then further subdivided into three 16-

residue repeats of medium fidelity. Those 16-residue repeats are composed of two 8-residue low-

fidelity repeats (only 2/8 positions are strongly conserved).  All currently published INP protein 

sequences contain contiguous octapeptide repeats although the number of repeats can vary 

(Wolber 1993). The amino acid sequence is reportedly more highly conserved than the DNA 

sequences that encode it (Abe et al., 1989). The conserved repeat sequence, Ala-Gly-Tyr-Gly-

Ser-Thr-Leu-Thr, leads to a high degree of identity across genera. This conservation of structure 

was demonstrated in a practical way by Deininger and colleagues (1988) when they showed that 

antibodies raised against the translational product of the InaW gene of P. fluorescens recognized 

the InaZ protein from P. syringae and the INP from E. herbicola.  

There are three recognized domains in INPs (Warren and Wolber, 1989). The central 

repetitive domain is composed of neutral, hydrogen-bonding residues and is moderately 

hydrophilic. The less conserved C-terminal domain is rich in acidic and basic residues rendering 

it very hydrophilic. In contrast to the rest of the protein, the short, weakly conserved N-terminal 

is relatively hydrophobic. Each domain of this large protein has been found to contribute to the 

ice nucleation activity. In mutagenesis experiments, Green and colleagues (1988) showed that 

the deletion of these terminal domains could either diminish (N-terminus deletion) or abolish (C-
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terminus deletion) ice nucleation ability. Selective deletions of the central, repetitive domain also 

decreased nucleation ability. The C-terminal end may facilitate folding of the protein, that the N-

terminus functions in export of the protein to the outer membrane and that the central repetitive 

region is likely the site of ice nucleus formation (Wolber, 1993).  

The secondary structure of INPs is currently not confirmed by X-ray crystallography 

though several structures have been proposed (Garnham et al., 2011b; Graether and Jia, 2001; 

Kajava and Lindow, 1993; Mizuno, 1989; Wolber and Warren, 1989). The most recent model 

(Garnham et al., 2011b) is attractive because it suggests a structural explanation of dimerization 

and possibly aggregation. Obtaining a final resolution of the structure of INPs has been hindered 

by their unique function, the requirement of protein aggregation for effective INA, and the near 

impossibility of purifying this protein from the bacterial membrane. All predictions of INP 

structure have therefore been determined by deduction and inference from sequence analysis and 

have been driven by theoretical constraints relating to the function of the protein. For example, 

Wolber and Warren (1989) suggested that the hydrophilic nature of the central domain due to its 

richness of hydrogen-binding residues would make it a likely candidate for the site of ice nucleus 

formation. At least a portion of this region has been shown to actively bind to and shape ice, 

acting similarly to an AFP, and supporting the notion that this central repetitive region is the site 

of ice nucleation initiation (Kobashigawa et al., 2005). Early predictions of INP structure were 

developed under this assumption, and the assumption that the site of nucleus formation must be 

fairly regular and large (Mizuno, 1989; Wolber and Warren, 1989).  

High nucleation temperatures require a very large ice nucleator approaching 20 x 10
6
 Da 

(Burke and Lindow, 1990). A nucleation initiation site of this size cannot be obtained by a 

monomer of an INP (120 kDa) and the theory emerged that aggregation of INPs would be 
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required for nucleation at close to 0°C. Govindarajan and Lindow (1984) inactivated the INP 

from P. syringae with high-energy gamma radiation to confirm the correlation between the 

molecular size of the nucleation site and the temperature of nucleation. At sizes of 150 kDa, the 

nuclei were active at -12°C, but for nuclei active at -2°C they were approximately 19 000 kDa. 

Immunofluorescence of Ina+ bacteria further confirmed the aggregation of INPs active at 

temperatures close to 0°C (Mueller et al., 1990). In this experiment, antibodies raised to InaZ 

and InaW proteins were used to visualize whole cells of E. coli expressing the Pseudomonas INP 

genes. This revealed clusters of INP protein over the entire cell and it was shown that cultures 

with larger clusters corresponded to higher nucleation temperatures.  

Support for the aggregation theory prompted revision of the proposed structure of INP. 

Kajava and Lindow (1993) incorporated this idea in their model, which allowed close packing of 

the proteins on the cell surface.  Their proposed structure consists of a series of beta hairpins 

composed of two of the octapeptide repeats. Three or more of these hairpin structures could 

theoretically group together and subsequently interdigitate with other groupings to form large 

planar aggregates (Fig. 2). This would allow the central repeat region of the protein to interact 

with water molecules and form the template for the initial formation of the ice embryo. 

Additionally, the interdigitation would likely stabilize the aggregate complex and allow for an 

increase in the contiguous area available for bonding with ice. This proposed model has been 

widely accepted. By contrast, the Garnham et al. (2011b) model for InaPB (Fig. 3) describes an 

offset dimerization reaction between neighbouring central regions to increase the size of the ice 

template. The exact orientation of the proteins on the cell surface and if those orientations are 

conserved is still quite unclear. 
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1.2.3.2 Applications of the INP anchoring motif 

Even though the specific mechanism by which INPs are displayed on the surface of 

bacteria remains unclear, these proteins have been used for their anchoring and surface display 

abilities in a variety of biomedical and biotechnological applications. The protein anchoring 

motifs of INPs have been used for surface display in live vaccine development (Liljeqvist et al. 

1997; Lee et al., 2000) and bioremediation (Xu and Lee, 1999). Truncated INPs have been used 

to display fluorescent markers on the surface of pathogenic cells as a potential means of 

contaminant monitoring (Xu et al., 2008). The two INPs that have been most consistently used 

for display of foreign proteins on host cell surfaces are InaK from P. syringae KCTC1832 (Jung 

et al., 1998) and InaV from P. syringae INA5 (Schmid et al., 1997). Recently, however, InaPb of 

P. borealis has been used to present xylose dehydrogenase on the surface of E. coli in order to 

use these cells as biocatalysts (Liang et al., 2011). This technique could be applied to a variety of 

intracellular enzymes to allow them to be accessible in the extracellular space. An important 

consideration with cell surface display is that the size of the protein to be displayed may be 

limiting. An INP-based anchoring system, however, has been shown to successfully display and 

the INP-based system could display proteins as large as 60 kDa (Sang et al., 2003), and 90 kDa 

(Wu et al., 2006). Both complete INPs and truncated forms (with a deletion in the central repeat 

domain) were able to display recombinant proteins on the surface of a host cell (Jung et al., 

1998; Kwak et al,. 1999; Kang et al., 2003). Some reports have indicated that the unique N-

terminus alone is sufficient to anchor foreign proteins on cell surfaces (Li et al., 2004).  
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1.2.3.3 INP structure and associated components 

INA can be affected by the association of the INP with other components.  Several 

nonprotein additions are required for maximal INA in P. syringae and E. herbicola (Turner et 

al., 1991). INPs are described as being anchored to the membrane via 

glycosylphosphatidylinositol (GPI) and that mannose and glucosamine residues are involved in 

the display of protein on the surface of the cell (Kozloff et al., 1991; Turner et al., 1991). 

Building on this theory, Kozloff et al. (1991) attempted to recreate the biosynthetic ―steps‖ 

required to form the membrane ice-nucleating lipoglycoprotein complexes. INA was optimal in 

the presence of aggregates of lipoglygoprotein complexes and that the formation of these 

complexes was dependent on a number of enzyme-catalyzed reactions, presumably controlled by 

bacterial genes (Davies and Hew, 1990). The INP gene possibly activates other bacterial genes to 

produce the protein machinery required to form these complexes (Kozloff et al., 1991), or 

perhaps another unknown signal transduction mechanism involved. The sequence of events in 

the formation of Type I, II and III nucleating structures has been described (Fig. 4).  The role of 

each component in the final structure presumably, combined, allows for maximal exposure of the 

complex to the supercooled water of the medium, firm attachment in the membrane, maximal 

mobility in the membrane and, therefore, cross-linking and aggregation of the complexes to 

produce maximal INA (Turner et al., 1990). 

1.3 Functions of bacterial INP 

As previously mentioned, all characterized INPs are highly conserved and are found in 

evolutionary-distinct bacteria. If the genes were transferred laterally, then the acquisition of these 

sequences must have conferred a fitness benefit either to the individual bacteria or perhaps the 

ability of some cells to produce INP enhances the survival of the bacterial population in general. 
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Despite this rather obvious conclusion, it is ironic that the utility of INP is not yet firmly 

established, although INA is generally associated with certain plant pathogens. 

1.3.1 Frost damage in plants 

Investigation into the phenomenon of bacterial ice nucleation was driven primarily by the 

need to limit epiphyte damage. Due to the mixture of solutes within their tissues, most plants can 

supercool to temperatures below 0°C (Chandler, 1958; Lucas, 1954). Most field-grown plants, 

however, are colonized by large epiphyte populations containing at least one species of Ina+ 

bacteria. The composition and numbers of these populations vary temporally for a given host 

species; however, unlike other virulence factors, the ability to nucleate ice does not appear to be 

host specific (Hwang, 2005). These epiphytic bacteria cause damage to frost-sensitive plants at 

temperatures close to zero (around -2.0°C) rather than the lower temperatures that would 

otherwise initiate freezing on the plant surface (Cochet and Widehem, 2000). Ina+ bacteria on 

leaf surfaces do not all express INP at the same time and it is unclear if every Ina+ cell in an 

epiphytic leaf population will express INP at some point (Lindow, 1982). The same study 

demonstrated that the  average nucleation temperatures in the presence of Ina+ bacteria are 

generally lower on plants than in vitro. Certainly, however, bacteria on the surface of plants are a 

significant source of ice nuclei and plants that are grown axenically consistently supercool to -

7°C without freezing (Arny et al., 1976).  

Frost-sensitive plants are characterized by their inability to tolerate ice formation within 

their tissues. Ice formed in, or on, frost-sensitive plants mechanically disrupts cell membranes as 

it propagates rapidly both inter- and intracellularly (Levitt, 1972). The propagation of ice in plant 

tissues was visualized using infrared video thermography (Wisniewski et al., 1997). Various 

plants were inoculated with a small droplet of Ina+ P. syringae and the resultant nucleation and 
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propagation of ice was visualized. In many trials P. syringae initiated freezing of the entire plant 

including leaves, stems and flowers.  It has been shown that at least 95% of the ice nuclei on a 

given leaf are of bacterial origin (Lindow, 1982), and a single ice nucleus is considered sufficient 

to initiate frost damage in entire plants, depending on the degree of restriction of ice within the 

plant (Single and Olien, 1967). This damage results in flaccidity and/or discoloration of the 

affected area (Burke et al., 1976). The injury caused by the formation and propagation of ice 

allows epiphytic bacteria to easily access nutrients within the plants (Mazur, 1969; Levitt, 1972) 

and for pathogens such as P. syringae to confer disease symptoms such as lesions, galls or toxin-

induced chlorosis (Schroth et al., 1981).  As a result, frost damage is a serious problem plaguing 

plants, including agricultural crops. Frost damage causes significant crop losses every year world 

wide. For example, in Mexico, oats are cultivated on 810 412 ha. During the growing seasons in 

2005 and 2009, frost damage affected an area of 76,166 ha causing substantial losses (Mariscal-

Amaro et al., 2009). This can be especially devastating in today‘s monoculture crops (Cai et al., 

2011). The problem is so severe that it led to the first field trials of a genetically modified 

organism—Ina-
 
strains of P. syringae to outcompete the wild type Ina+ strains on plant surfaces 

(Lindow et al., 1989; Allender-Hagedorn, 2005).  

1.3.2 Potential dispersal mechanism 

While frost damage to economically-important crops initially drove INA research, 

Schnell and Vali (1972) were the first to observe that decaying plant material was an important 

source of ice nucleating particles. Subsequently, the ice nuclei in leaf litter were proposed to be 

of bacterial origin (Maki et al., 1974). Populations of P. syringae and E. herbicola have been 

reported to have worldwide distribution and are ubiquitously distributed on a wide variety of 

plants (Gibbins, 1972; Garten and Head, 1965). Strains of P. fluorescens have also shown 
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worldwide distribution and are common soil and water inhabitants (Paulin and Luisetti, 1978). 

Older publications by atmospheric scientists and more recent research from biologists have 

offered an explanation for the wide and varied environments in which ice+ bacteria can thrive. 

The presence of biological ice nucleators in precipitation and their potential implications in the 

hydrological cycle was analyzed by comparing rain and snow from regions as varied as Montana 

and Louisiana, the Alps and Pyrenees (France), Ross Island (Antarctica), and Yukon (Canada) 

(Christner et al., 2008). The average nucleation temperature of more than half of the samples was 

≥ −5 °C. Digestion of the samples with lysozyme (i.e. to hydrolyze bacterial cell walls) led to 

reductions in the frequency of freezing (0–100%) and heat treatment greatly reduced (95% 

average) or completely eliminated ice nucleation. This indicates that the ice nucleation was of 

bacterial and/or protein origin. There are some researchers, however, that question the 

importance of this process on a global scale (Hoose et al., 2010). 

Living organisms can collect in the stratosphere and that bacterial cells can even divide 

on airborne particles (Dimmick et al., 1975). Strains of Ina+ P. fluorescens have been reported in 

the atmosphere over North America, Europe and Japan suggesting a role for these bacteria in the 

hydrological cycle (Obata et al., 1987). Marine algae and bacteria have been shown to induce 

water condensation and ice nucleation to improve their dispersal and transport by the atmosphere 

(Hamilton and Lenton, 1998). Harding and colleagues (2011) stressed the importance of local 

aerial transport processes for marine microbiota when genetically similar bacteria were found 

both in the Arctic Ocean and in snow backs in the Canadian High Arctic.  The same study 

observed members of Bacteria and Eukarya prevalent in the snow indicated strong local aerial 

transport within the region over the preceding 8 months of winter snowpack accumulation. 

Longer range transport can also be supported when examining precipitation. Concentrations of 
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bacteria in cloud droplets, snow and graupel or snow pellets have been found to be high as ~1 

500 CFU/mL (Sattler et al., 2001). As well, P. syringae is one of the most abundant Ina+ 

bacteria in air, rain and hailstones (Sands et al., 1982).  In a later report, Bauer et al. (2003) 

reported that cultivated bacteria found in snow were able to seed clouds. Mixtures of soil bacteria 

(or bacteria closely related to soil bacteria) were able to seed the clouds as efficiently as P. 

syringae, though no P. syringae was identified in their samples. It would be interesting to 

determine if the soil-dwelling P. borealis were present in these samples.  

1.4 An INP from a soil-dwelling species 

It is likely that Ina+ bacteria exhibit INA to gain access to plant nutrients and also 

perhaps as a method of dispersal. The conservation of the INP genes and their translational 

products in evolutionary-distinct microbes suggest that bacteria have acquired the gene by lateral 

transfer amongst epiphytes, many of which are plant pathogens. In contrast to other species with 

INA, P. borealis was isolated from a lower arctic soil sample by its ability to bind to growing 

multicrystalline ice (Wilson et al., 2006), and subsequently the inaPb sequence was cloned and 

expressed in E. coli (Wu et al., 2009). InaPb has 66% amino acid identity to the classic P. 

syringae INP sequence (InaZ) with a protein product of 123 kDa. As previously described, the 

protein also shows three distinct domains (Fig. 1), with a central repetitive region (approximately 

20 repeats of a 48-residue consensus sequence), which is flanked by a 163-residue N-terminal 

region and a 41-residue C-terminal region. P. borealis nucleates ice at around -2.8° C classifying 

it as a high-activity, Type I nucleator. This Ina+ isolate is unique in its isolation from soil and 

because it has not been described as an epiphyte or plant pathogen. On the contrary, a strain of P. 

borealis isolated from the roots of wheat and barley has been described as beneficial to plants 

(Borowicz, 1998). That particular strain secretes the anti-fungal agent 2, 3-deepoxy-2, 3-
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didehydrorhizoxin (DDR) and has thus been proposed for use in biocontrol of pathogenic fungus 

in the rhizosphere of economically important crops (Raaijmakers et al., 2002).  

1.5 Objectives and hypothesis to be tested 

The presence of an INP in a seemingly non-phytopathogenic bacterium is very unique. 

The nucleation activity of this protein, and its proposed structure (Garnham et al., 2011b), 

suggests that it is homologous to already-described INPs, although it does have a substitution in 

one of the 8 ―conserved‖ residues in the octapeptide repeats (Fig.2). The expression and activity 

of this protein is yet to be well characterized. 

 I hypothesized that InaPb did not differ from the better-known INPs and that this Ina+ 

isolate could act as a pathogen, even though other strains of this same species did not. Thus, the 

objectives of this research were to examine the activity and localization of InaPb, to monitor its 

expression, and finally to determine if this P. borealis could act as a plant pathogen. Even if my 

hypothesis did not prove to be correct, a fuller characterization and an understanding of another, 

more divergent INP would be an important contribution to our understanding of these unique 

proteins and their ice-binding functions.   
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Fig. 1. The conserved structure of INPs. (A) A representation of INP structure was first proposed 

by Wolber and Warren (1989). At the top is a schematic (not to scale) of an entire INP structure; 

the repetitive domain is divided into three regions on the basis of the repeating pattern. The 

second repetitive region is enlarged to show one of the 48-mers within it. The lower portion 

shows the relationship of the 48-mers to the 16-mers and 8-mers. The letters denote amino acids 

in the protein sequence and the hyphens indicate positions for which there is no consensus 

amongst the different INPs and/or the repeats. (B) A comparison of the repetitive sequence of 

INP from P. borealis DL-7 (InaPb) and P. syringae (InaZ).  (Part A is taken from Wolber and 

Warren, 1989 and part B is modified from Wolber and Warren, 1989 and Wu et al., 2009) 

A 

B 
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Fig. 2. Schematic representation of the organization of InaZ based on the model structure 

proposed by Kajava and Lindow (1993). The bottom left shows a representative 48-mer unit of 

the central repetitive domain. The special orientation of two 48-mer units is depicted on the 

bottom right. An approximate scale depiction of an aggregate of three ―interdigitated‖ InaZ 

proteins viewed from above is provided on the top. (The figure is taken from Kajava and 

Lindow, 1993) 
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Fig 3. A proposed method of aggregation of InaPb by offset dimerization based on the model 

proposed by Garnham et al. (2011b). InaPb monomers are shown as individual tubes, with the 

highly repetitive central domains coloured light blue and the non-repetitive N-termini coloured 

grey. (This figure is modified from Garnham et al., 2011b) 
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Fig 4. The proposed sequence in the formation of ice-nucleating structures from class C to class 

B to class A. Aggregation of several of these units is thought to involve the substituted sugars 

with phosphatidylinositol (PI) l providing a mobile anchor in the cell membrane. (The figure is 

taken from Kozloff et al., 1991) 
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CHAPTER 2. MATERIALS AND METHODS 

 

2.1 Plasmids, strains and culture conditions 

2.1.1 General methods and culture conditions 

The broad-host expression vector, pMEKm12 (Lu et al., 2002), was used for the 

expression of a recombinant InaPb fusion protein with green fluorescent protein (GFP) tag. 

Escherichia coli Top10 (Promega, USA), Arctic Express™  E. coli (Stratagene, Canada), Ina- P. 

syringae cit7del (Lindow, 1987), Pseudomonas syringae pv. tomato DC3000 (Cuppels, 1986) 

and Pseudomonas borealis DL-7 (Wilson et al., 2006) were used for specific experiments. E.coli 

strains were cultured at 37°C and Pseudomonas strains were cultured at 27°C, unless otherwise 

indicated.  E. coli and Pseudomonas cultures harboring pMEKm12 and its derivative constructs 

were cultured on Luria-Burtani (LB) plates or in LB broth with kanamycin sulfate 50 mg/ml as 

the selective agent. Wild-type Pseudomonas strains were cultured in the absence of kanamycin.  

Bacterial identity was routinely confirmed by sequencing using 16S rRNA gene primers (8f: 5′-

AGAGTTTGATCCTGGCTCAG and R1406 5′-ACGGGCG GTGTGTAC), Taq polymerase (1 

unit, Fermentas, Burlington, ON, USA), and the cycling conditions of Telang and colleagues 

(1997). 

2.1.2 Characterization of P. borealis InaPb 

 A single colony was isolated from a culture of P. borealis DL-7 that had been 

continuously cultured at room temperature (22°C) for one week was isolated using a sterile 

pipette tip to inoculate 5 ml of LB broth. The isolate was cultured overnight with shaking (200 

rpm) at 27°C. Two aliquots (500 ul each) were transferred into two flasks containing 50 ml of 

sterile LB broth each. Both cultures were cultured to anOD600 of 0.6 (27°C with shaking). One of 

the cultures was centrifuged (10 000 x g, 20 min at 27°C) to sediment the majority of cells to 
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avoid increased growth. The other sample was cold-conditioned at 4°Cfor 8 h. Both cultures 

were briefly vortexed to ensure even redistribution of cells, and 1 ml of each was used for RNA 

extraction using a commercial kit (Qiagen RNA-Easy kit). An on-column DNAse treatment was 

applied using DNAse I – RNAse free enzyme (Invitrogen) to remove potential contaminant 

genomic DNA. The purified total RNA was quantified using a NanoDrop1000 spectrophotomer 

and its accompanying software (Thermo Fisher Scientific). Reverse transcriptase PCR (RT-PCR) 

was performed using 100 ng of total RNA and SuperScript II reverse transcriptase (Invitrogen) in 

a thermal cycler (GeneAmp 2400 system; Perkin Elmer, Foster, CA).  Prepared cDNA was used 

as template for conventional PCR to compare the relative transcript levels in the two samples of 

P. borealis—one with cold conditioning and one without. The PCR reaction mixture contained 

5.0 µl 10X Taq Buffer with KCl [100 mM Tris-HCl (pH 8.8 at 25°C), 500 mM KCl, 0.8% (v/v) 

Nonidet P40], 3.0 µl 25 mM MgCl2, 1.0 µl 10 mM dNTP mixture, and 20.0 pM each primer. 

Prepared cDNA (2.0 µL) and 2.5 U Taq polymerase (Fermentas) were added to the 50 µL PCR 

reaction mixture and the cDNA template was amplified according to the following program: one 

cycle of 95°Cfor 5 min, 33 cycles of 94°Cfor 30 s, 50°Cfor 45 s, 72°Cfor 45 s, and then 

incubation at 72°Cfor 10 min, with a final hold at 4°C.  A sample of isolated RNA that had not 

been subjected to the reverse transcription reaction was used to ensure that there was no genomic 

DNA contamination. DNA fragments were routinely sized on 2% agarose gels relative to DNA 

markers (GeneRuler™ 1kb DNA Ladder Plus; Fermentas). The gene-specific oligonucleotide 

primers used for first strand RT-PCR and subsequent PCR of the cDNA are indicated in Table 1. 

16s rDNA gene was used as a control template for the reactions.  The RT-PCR reaction was 

performed in triplicate for three different rounds of culturing and temperature treatment. 
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2.1.3 Plasmid constructions  

A gene fusion between the inaPb coding region and a sequence encoding green 

fluorescent protein (gfp) was accomplished by the addition of the gfp coding region to the C-

terminal region of inaPb and subsequent cloning of the construct into the expression vector, 

pMEKm12 (Lu et al., 2002). To accomplish this, oligonucleotide primers with designated 

restriction enzyme sites were synthesized (Sigma, Canada) as indicated in Table 2. P. borealis 

inaPb and gfp sequences were generated by polymerase chain reaction (PCR) using pfu 

polymerase (Fermentas) in a GeneAmp 2400 system (Perkin Elmer, Foster, CA) and the plasmid 

template pTINP (Wu et al., 2009) or pEGFP (Clontech). After digesting the inaPb PCR product 

and pMEKm12 with EcoRI and BamHI, the inaPb fragment was ligated into the expression 

vector using T4 DNA ligase (Fermentas) to generate pMEKm12+inaPb (Fig. 10 A). This vector 

was subsequently digested with BamHI and HindIII to allow for the insertion of the GFP 

fragment to generate pMEKm12+inaPb-gfp (Fig. 10 C). The resulting construct then consisted 

of the N-terminal domain, R domain and C-terminal domain of inaPb tagged with GFP. 

pMEKm12+gfp (Fig. 10 B) was generated in a single step by digesting pMEKm12 with EcoRI 

and HindIII to allow for the introduction of the GFP fragment. Vector construction was 

confirmed by sequencing the insert and by restriction digest analysis.   

2.1.4 Expression of InaPb, InaPb-GFP and GFP in E. coli and Pseudomonas syringae 

The constructs were used to transform E. coli Top10 cells (Novagen) and Arctic Express™ 

(Stratagene, Canada), using the CaCl2 method (Sambrook et al., 1989).  The Ina- P. syringae 

cit7del strain (Lindow, 1987) was transformed with pMEKm12, pMEKm12+inaPb, 

pMEKm12+gfp and pMEKm12+inaPb-gfp by electroporation as previously described (Choi et 
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al., 2006). P. borealis DL-7 (Wilson et al., 2006) was transformed with pMEKm12+gfp and 

pMEKm12 by the same method.  

 Transformants were confirmed by PCR-screening using the appropriate primer sets (Table 

1), after isolation of the plasmid DNA with a commercial mini-preparation kit (Qiagen), as well 

as by restriction analysis.    

PCR was conducted on single bacterial colonies that had been putatively transformed using 

the ligation procedure by isolating them with a sterilized pipette tip. Each sample was then 

suspended in 2 µl sterilized water to be used as template in the PCR reaction. The PCR reaction 

mixture contained 5.0 µl 10X Taq Buffer with KCl [100 mM Tris-HCl (pH 8.8 at 25°C), 

500 mM KCl, 0.8% (v/v) Nonidet P40], 3.0 µl 25 mM MgCl2, 1.0 µl 10 mM dNTP mixture, and 

20.0 pM each primer. For the analysis of pMEKm12+inaPb-gfp and pMEKm12+gfp, the GFP 

primers described in Table 1 were used. For analysis of pMEKm12+inaPb, the inaPb primer 

pair in Table 1 was used. Diluted cells (2.0 µL) and 2.5 U Taq polymerase (Fermentas) were 

added to the 50 µL PCR reaction mixture and the DNA was amplified according to the following 

program: one cycle of 95°Cfor 5 min, 30 cycles of 94°Cfor 30 s, 50°Cfor 45 s, 72°Cfor 45 s, and 

then incubation at 72°Cfor 10 min, with a final hold at 4 °C. DNA fragments were routinely 

sized after staining by assessing their relative mobility after electrophoresis on 0.8% agarose gels 

when compared to DNA markers (GeneRuler™ 1kb DNA Ladder Plus; Fermentas), after 

staining the DNA with ethidium bromide (Sambrook and Russell, 2006). 

To express the recombinant proteins in transformed E. coli cells, single colonies harboring 

one of the constructed vectors, and separate control cells containing only the null vector, 

pMEKm12, were used to inoculate LB broth containing 50 mg/L kanamycin and cultured 
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overnight at 37°C on a shaking incubator (200 rpm). Aliquots (500 µL) were transferred to 25 

mL of fresh LB broth and cultured (at 200 rpm at 37°C) until the optical density at 600 nm 

(OD600) reached 0.6. After induction with isopropyl--D-thiogalactopyranoside (IPTG) to a final 

concentration 0.5 mM, the temperature was shifted to 22°C for 4 h.  The transformed P. borealis 

DL-7 and P. syringae cit7del cells were cultured from single colonies at 27 
0
 C overnight with 

shaking (200 rpm). Aliquots (500 µL) were transferred to 25 mL of fresh LB broth and grown (at 

200 rpm at 27°C) until OD600 reached 0.6 at which time they were induced with IPTG to a final 

concentration of 5 mM. Induced Pseudomonas cultures were shifted to 18°C for 4 h following 

induction with IPTG.  

2.2 Protein and ice-association assays 

2.2.1 Ice nucleation activity assays 

INA assays were performed on all wild-type and transformed strains using whole cell 

culture in LB broth. P. borealis DL-7, cultured in LB broth at 27°C to an OD600 of 0.6 and 

subsequently moved to 4°C for 24 h, was used as a positive control (Wilson et al., 2006). 

Additionally, a commercially-available P. syringae lysate for artificial snow production (Ward‘s 

Natural Science, Rochester NY) was used as a positive control. Sterile LB broth and Escherichia 

coli Top10, Arctic Express™ E. coli, Ina- P. syringae cit7del, and Pseudomonas borealis DL-7 

transformed with pMEKm12 were used as negative controls.  

The freezing points of samples were determined by a method described by Walker et al. 

(in Shah, 2010), which had been modified from Vali (1971). Briefly, 10 drops (2 μl) of a sample 

were spaced evenly across a polarized film. The film was then placed on the surface of 50% 

ethylene glycol in an insulated chamber with a fiber optic light source providing illumination 

from below. A computer-controlled camera (Cannon Powershot SX110IS digital camera with 
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ZoomBrowser EX software) with a polarized lens was used to capture images. A temperature 

probe was inserted into the chamber to record the temperature of the ethylene glycol solution, 

which was controlled by a bath that lowered the temperature from -1 to -20°C (at 0.2°C/min). 

Image and temperature data were recorded once per min with temperatures recorded in a 

Microsoft Excel spread sheet. The temperature at which 90% of the samples froze (T90) was 

considered the nucleation point, while samples with freezing points below -9°C were not 

considered to have significant ice nucleation activity. The cumulative number of ice nuclei per 

ml in each sample (K(T)) was calculated using the equation originally proposed by Vali (1971): 

K(T) = -ln(N(T)/N0) * V
-1

 

In the above equation, N(T) represents the number of drops unfrozen at temperature T, N0 is the 

total number of drops, while V is the drop volume.  

These assays were performed on all transformed cells following induction with IPTG to 

test the activity under 2 sets of incubation conditions—12 h at 22°C or 12 h at 22°Cfollowed by 

transfer to 4°C for 12 h (termed ―cold conditioning‖). Wild-type P. borealis DL-7 was tested for 

INA with and without cold conditioning at 4°C. P. borealis was also assayed at various ODs 

during culture growth to determine if growth phase was associated with the Ina+ phenotype. 

Samples collected at various growth times were subsequently cold conditioned and assayed 

again. Single colonies of P. borealis DL-7 were also cultured to an OD600 of 0.6 at 27°C and 

centrifuged to obtain cell-free supernatants (10 000 x g, 20 min at 27°C).  The supernatant was 

subsequently filtered through 0.45 um membranes (MSI, Westboro, MA) and evaluated for cell 

number by plating on LB agar (as described in Li and Lee, 1998). The whole culture, cell-free 

supernatant and filtered supernatant were all assayed to determine which fraction contributes to 
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the Type I INA observed (Wu et al., 2009).  All assays were performed in triplicate for three 

different rounds of culturing and temperature treatment. A 2-tailed paired t-test was employed to 

determine if changes in observed INA between cultures with and without cold conditioning were 

significant (p<0.05). 

2.2.2 Ice affinity selection  

Bacterial cultures with confirmed INA were subjected to ice affinity selection to 

determine if Ina+ bacteria have an affinity to growing polycrystalline ice. The Ina- P. syringae 

cit7del transformed with pMEKm12+gfp was used as a representative Ina- culture. Ice affinity 

selection was determined as previously described (Wilson et al., 2006). Briefly, the temperature 

of a hollow brass finger was set at −1°C to establish a thin ice coat from moisture in air, and then 

it was lowered into a beaker containing the bacteria of interest (1.0×10
4
 CFU/mL

 
in diluted LB 

broth at approximately 1°C). The temperature of the hollow finger was slowly lowered from 

−1°Cto −2.5°C (at 0.2°C per hour). After approximately 24 h, ~50% of the liquid fraction was 

frozen.  The ice hemisphere was rinsed in sterile water and melted. The melt water and 

remaining liquid fractions for each culture were assayed for INA, and the number of viable cells 

was estimated using colony forming units per ml (CFU/mL) and the cells were also visualized 

using fluorescence microscopy (as described below).The percentage of incorporation of the GFP-

labeled bacteria in each fraction was determined by conducting manual counts using a 

hemocytometer. The percentage of the cells incorporated or associated with the ice fraction was 

determined using the following calculation using averages calculated from 25 different 

observations for each replicate:  
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The level of incorporation, as estimated by colony counts, was determined by comparing the 

CFU/mL in the meltwaters and liquid fractions of Ina- bacteria and Ina+ bacteria. The meltwater 

was plated in triplicate and an average of those values was used as the CFU/mL for that replicate.  

Both of these methods for determining incorporation into ice were repeated in triplicate for four 

sets of cultures. A 2-tailed paired t-test was employed to determine if the average differences in 

incorporation between Ina- and Ina+ bacteria were significant (p<0.05) for the quantification by 

fluorescence microscopy.  

2.2.3 Visualization of INP-GFP protein within the cell 

Cells were visualized using fluorescent light (543 nm light source and AxioVision 

software) on an inverted microscope (Zeiss Axiovert 200M). Induced samples were treated as 

follows: 12 h at 22°C or 12 h at 22°C followed by transfer to 4°C for 24 h (the same intervals 

used for the nucleation assays). Visualization was achieved by placing 5 ul of the test cultures 

(the same cultures used for nucleation assays and Ina- P. syringae with pMEKm12+gfp) without 

modification onto a cleaned microscope slide and covering with a glass cover slip.  A 

Physiotemp thermal microscope stage set to 0°C was used for the cultures incubated at 4°C. 

Untransformed E. coli and Pseudomonas cells were used as negative controls. E. coli TOP10 

transformed with pMEKm12+gfp was used as a positive control. Visualization was repeated in 

triplicate for three different sets of cultures and culture conditions. 

2.2.4 Ice-shaping assays 

All transformed strains and wild-type P. borealis DL-7 were tested for their ability to 

shape a growing ice crystal. A nanolitre osmometer (Clifton Technical Physics, Hartford, NY, 

USA) was used to determine the effect of whole cultures and sterile media on ice crystal 

morphology. Bacterial cultures in LB broth were suspended in the mineral oil-filled well of the 
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sample holder. Samples were snap frozen in situ by decreasing the temperature to -40°C, and 

then the temperature was increased until a single ice crystal was obtained. Samples were 

examined under a microscope (40×) mounted above the osmometer (Chakrabartty and Hew, 

1991). Photos of the ice crystal were taken using a camera (Canon Powershot SX110IS digital 

camera) mounted to the microscope. All assays were performed in triplicate for three different 

rounds of culturing and temperature treatment to validate the results 

2.2.5 Ice recrystallization assay  

All transformed strains and wild-type P. borealis DL-7 were tested for the ability to 

inhibit ice recrystallization (IRI) using the ―splat cooling‖ assay modified from the procedure 

previously described by Knight et al., 1988. All cells were grown overnight from a single colony 

in LB broth (with or without kanamycin) at their appropriate incubation temperatures. An aliquot 

(50 ul) of the overnight culture was then inoculated into 10 ml of fresh LB broth, cultured to an 

OD600 of 0.6 and subsequently induced with IPTG as described in 2.1.3. The cells were moved to 

4°C for cold conditioning for 4 h and were then used as whole cell cultures in the ―splat cooling‖ 

assay. Briefly, a 10 ul droplet of whole cell culture was released 2.6 m above a clean glass cover 

slip over a polished aluminum plate held at dry ice temperature. As the droplet hits the cover 

slip, it freezes as an ice disk composed of very fine-grained ice. The slides were quickly 

submerged on a polarized film in a bath of cold hexane held at -8°C on a dissecting scope. When 

the field was illuminated with polarized light, the ice crystals were visualized with a cross-

polarized film using an adapter on the eye piece. Images were captured immediately using a 

camera (Canon Powershot SX110IS digital camera) mounted on the dissecting microscope. The 

cover slips were then left to incubate in the cold hexane bath for 24 h at which time a second 

series of images were captured. The first and post-incubation images were compared to 
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determine if the ice crystals had changed size after annealing. All assays were performed in 

triplicate for two different rounds of culturing and temperature treatment to validate the results. 

2.3 Plant infiltration by P.syringae pv. tomato DC3000 and P. borealis 

The grasses, Lolium perenne and Brachypodium distachyon, were all grown from seed in 

potting soil under controlled environmental conditions of ~21°C, ~70% humidity, light level 2, 8 

h light: 16 h dark, and watered every second day. The plants were grown for 2.5 weeks prior to 

infiltration. Bacterial cultures (P. syringae pv. tomato DC3000, and P. borealis DL-7) were 

grown to an OD600 of 0.6 in 5 ml of LB broth and were then centrifuged (10 000 xg, 20 min, 

4°C) and resuspended in sterile saline (7%) to a concentration of 1.0×10
4
 CFU/mL. Infiltration 

of the plant tissue with the bacterial cells was carried out by pressing a syringe (without a needle) 

containing the bacterial strain of interest on the underside of a leaf and depressing the plunger to 

‗push‘ the culture into the leaf. Each strain of bacteria was tested on each of the three plant types. 

Additionally, an INP extract from lyophilized P. syringae (Ward‘s Scientific, USA) was used to 

test for the effects of ice formation in the absence of culturable P. syringae. Lastly, both grasses 

were infiltrated with unmodified Top10 E. coli and sterile distilled water to determine if Ina- 

bacteria or the infiltration process itself would have an effect on the plants. After infiltration, the 

plants were incubated overnight at -6°C and then transferred to 21°C for 4 h. The infiltrated 

leaves were examined for signs of ice damage (flaccidity and compression of the tissue) and 

disease (browning or lesions) after a 4 h incubation at 21°C. Each treatment was done in 

triplicate on three unique plants. The complete experiment was duplicated four weeks later with 

new bacterial cultures and under the same conditions to confirm the results. 
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Table 1. Sequences of the primers used for RT-PCR to confirm expression levels of inaPb  

Name Sequences 

inaPb 

C –term. 

upstream 

primer 
5' TTAGATCTACGCTGACGGGCGGCGAGAACT 3' 

downstream 

primer 

 

5' GCGGATCCTTCCCCGGATTTATTCACGAT 3' 

inaPb 

N –term. 

upstream 

primer 
5' GGGAATTCCATATGAACGATGACAAAG 3' 

downstream 

primer 

 

5' TAGGATCCCTCGAGCTTTCGGGTG 3' 

 

16s rDNA 

upstream 

primer 
5′-AGAGTTTGATCCTGGCTCAG 

downstream 

primer 
5′-ACGGGCG GTGTGTAC 

 

Table 2. Sequences of the primers used for PCR amplification in plasmid constructions 

Name Sequences 

 upstream 

primer 
5‘ – AAAGAATTCATGAACGATGACAAAGTTTTGG-3‘ 

downstream 

primer 
5‘ – AAAGGATCCCTTCCCCGGATTTATTCAC – 3‘ 

gfp 

upstream 

primer 
5‘ – AAAGGATCCGTGAGCAAGGGCGAGG – 3‘ 

downstream 

primer 
5‘ TTTAAGCTTTTACTTGTACAGCTCGTCCATG-3‘ 

 

 

 

 

 

inaPb 
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CHAPTER 3. RESULTS 

 

3.1 The effect of culture temperature, time and target on InaPb expression in P. borealis DL-7 

When tested in late log phase, the highest INA was observed in P. borealis cultured at 

15°C with an average nucleation temperature of -4.6°C (Fig. 5 and Appendix Fig. A.1). Growth 

to an OD600 of 0.6 was not achieved at 37°Cor 4°C although those cultures did exhibit some 

INA. All cultures showed an increase in INA following cold conditioning (Fig. 6 and Appendix 

Fig. A.1 ), and this was significantly increased (p > 0.05%) in cells cultured at 4°C, 15 °C, 20°C 

and 27°C. The largest increase was seen in the cultures kept at 4°C, where the nucleation 

temperature increased more than 6°C. P. borealis cultured at 27°C showed consistent INA 

throughout its growth with INA increasing with the increase in absorption until the growth curve 

plateaued (Fig. 7). When the results from replicates were averaged, cultures at an OD600 of ~0.6 

showed the highest nucleation temperatures (-4.42°C) of the cells kept at 27°C, though ice 

nucleation was seen at every stage of growth. All samples taken over the growth period showed a 

significant increase in INA following cold conditioning, which varied from ~ -2.73 to -1.7°C, 

depending on the growth stage (Appendix Fig. A.2).  

 Both whole P. borealis cell preparations, as well as supernatants of centrifuged cultures 

(presumably with reduced cell numbers), showed INA (Fig. 8). Whole cell cultures showed 

consistent INA around -4.0°C, with the INA of the supernatant at about -6.5°C. Both the whole 

cell culture and the supernatant showed increased INA with cold conditioning (Fig. 8 and 

Appendix Fig. A.3). The filtrate did not show INA. 

 In order to more fully characterize INA expression, P. borealis, cultured to late log phase 

and either kept at room temperature or subjected to cold conditioning overnight, was subjected to 
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RNA extraction. After cDNA synthesis, transcript abundance of the inaPb gene was estimated 

using RT-PCR, with 16s rDNA used as an internal control for the quality and quantity of RNA. 

The 16s rDNA and INP transcript levels were similar (though not identical) between both the 

room temperature and cold conditioned samples (Fig. 9 A and B).  

3.2 Expression vector assembly 

 The assembly of pMEKm12+inaPb-gfp and pMEKm12+inaPb was verified by 

sequencing (not shown). Following transformation, recombinant cells were resistant to 

kanamycin as expected and the correct insertion of inaPb or inaPb-gfp was confirmed by PCR 

and EcoRI and HindIII restriction enzyme digestion followed by gel analysis. Electrophoresis of 

the products of the double restriction digest of pMEKm12+inaPb-gfp yielded two fragments: 

one that was ~10 kb, representing the parent vector, and another was ~4.5 kb, representing the 

inaPb-gfp insert, as expected. When pMEKm12 was digested with EcoRI alone, the gel showed 

only one band of ~15 kb. Similarly, double digests of pMEKm12+inaPb analyzed by gel 

electrophoresis showed  a 10 kb fragment, representing the parent vector, as well as  a smaller 

fragment of ~ 4 kb, representing the inaPb insert. Single digests of pMEMm12 with EcoRI 

yielded a single fragment of approximately 14.5 kb when visualized following electrophoresis. 

Maps of the constructs can be found in Fig. 10 A, B, and C. 

 

3.3 Expression of inaPb and InaPb-GFP fusion proteins 

 Cultures of TOP10 E. coli, Arctic Express™ E. coli and Ina- P. syringae cit7del were 

successfully transformed with the expression vectors pMEKm12+inaPb, pMEKm12+gfp  or 

pMEKm12+inaPb-gfp by a CaCl method or, in the case of P. syringae, electroporation, both as 

described in Sambrook et al. (1989).  Successful recombinant cells were identified by their 
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resistance to kanamycin, and the presence of the expression vectors in the cells was confirmed by 

PCR amplification of the plasmids and by vector recovery (not shown). The host cultures were 

also transformed with ―empty‖ pMEKm12, so that these transformed lines could be used as a 

control strains. These transformants were similarly confirmed by kanamycin resistance, PCR 

amplification of the plasmid, and the recovery of the pMEKm12 vector, as indicated above. 

Commercially-available P. syringae lysates were used as positive controls and showed 

consistent INA at approximately -2.2°C. The transformed  E. coli Top 10 cells carrying the 

‗empty‘ pMEKm12 vector did not nucleate ice above -9°C, no matter the temperature regime 

(Fig. 11 and 12), and therefore were considered to show no INA. Significantly, however, all cells 

carrying pMEKm12-inaPb or inaPb-gfp expression vectors exhibited INA after induction. The 

Top10 cells showed little INA under either temperature regime, but Arctic Express™ and 

P.syringae transformed lines all nucleated ice above -7.5°C (Fig. 11). Following cold 

conditioning, all cultures, with the exception of Top10 cells transformed with ―empty‖ 

pMEKm12 vector, nucleated ice above -6°C (Fig. 12).  INA activity of the Ina- P. syringae strain 

carrying pMEKm12 +inaPb, after cold conditioning, was only slightly below that of commercial 

INP preparations (Fig. 12). 

 Fluorescence microscopy of the transformed lines showed that both E. coli cultures 

showed a slight concentration of green fluorescence at the poles of the cells which increased 

following cold conditioning (Fig. 13 A, B and C). The E. coli cultures exhibited an 

approximately even mixture of uni- or bi- polar localization with cold conditioning. Initially, the 

Ina- P. syringae culture showed diffuse fluorescence throughout the cell (Fig. 13 E). After the 

cultures were cold conditioned for 12 hours at 4°C, the green fluorescence became concentrated 

as ―patches‖ over the surface of the cell with a slightly higher concentration of fluorescence at 
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the poles (Fig. 13 F, G, and H). Cells carrying control pMEKm12+gfp showed diffuse 

fluorescence throughout the cells, regardless of temperature (Fig. 13 D). All of the cells in the 

culture expressed the GFP if the cells were freshly transformed. Older cultures showed cell-to-

cell variability in fluorescence.  

3.4 Association of InaPb with ice 

 Cultures of Ina- P. syringae and Arctic Express™ E. coli transformed with 

pMEKm12+inaPb-gfp were grown to late log phase, induced with IPTG for 4 h and cold 

conditioned overnight to determine if these  Ina+ bacteria could shape ice. LB broth and of Ina- 

P. syringae transformed with ―empty‖ pMEKm12 were used as negative controls. None of the 

Ina+ cultures, including cold-conditioned P. borealis, showed shaping that differed from the 

circular shaping provided by Ina- controls (Fig. 14).  

When these same cultures and controls used in the ice shaping experiments were used to 

assess IRI in the ―splat‖ assay, all of the tests showed larger ice crystals 24 h after they were snap 

frozen (Fig. 15 A and B). This indicates that INA was not associated with IRI in any of the lines. 

It was noted that the initial crystal size created by snap freezing the Ina+ cultures were much 

larger than those seen with the control Ina- cultures and LB broth (Fig. 15 C and D).  

  P. borealis harbouring pMEMm12+gfp showed an average of 29% incorporation into 

the ice fraction. Similarly, the Ina- P. syringae strain showed 28% incorporation. As a result, 

when comparing the incorporation of these two strains, the P. borealis strain with INA 

(M=28.87, SD=9.38) did not have a significantly higher affinity for ice incorporation than the 

Ina- strain (M=27.71, SD=8.63) when measured by numbers of GFP-expressing cells 

(t(298)=0.669), p = 0.05). An average of 76 CFU/mL in the meltwater (Average OD600 of 0.051) 
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and 1.2 x 10
4 
CFU/mL in the liquid fraction (Average OD600 of 0.301) was seen the Ina+ P. 

borealis cultures.  The Ina- P. syringae sample had an average of 51 CFU/mL in the meltwater 

(Average OD600 of 0.030) and 7.2 x 10
3 
CFU/mL in the liquid fraction (Average OD600 of 0.246).  

3.5 Effects of P.borealis ice nucleation on plants 

 Cold conditioned P. borealis cultures were used to infiltrate Lolium perenne and 

Brachypodium distachyon. P. borealis treated plants showed evidence of tissue damage due to 

ice nucleation (Fig. 16 B and D) similar to plants infiltrated with P. syringae lysate (Fig. 16 B 

and D). Plants infiltrated with virulent Ina+ P.syringae  pv. tomato DC3000 exhibited browning 

and lesions indicative of disease (Fig. 16 A and C). The plants infiltrated with P. borealis culture 

did not show evidence of disease. Lastly, the plants infiltrated unmodified Top10 E. coli and 

sterile distilled water did not show evidence of ice damage or disease (Fig. 16 E and F). 
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Fig. 5 Average nucleation temperature (T90) of P. borealis cultures grown to late log phase at the 

incubation temperatures indicated. Ice nucleation activity shown as the logarithm of the 

cumulative number of ice nuclei per ml. The figure shows a representative replicate of all assays 

performed. 
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Fig. 6 Average nucleation temperature (T90) of P. borealis cultures grown to late log phase at the 

incubation temperatures indicated and subsequent cold conditioning at 4°C for 12 h.  Ice 

nucleation activity shown as the logarithm of the cumulative number of ice nuclei per ml. The 

figure shows a representative replicate of all assays performed. 
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Fig. 7 Average nucleation temperature (T90) of P. borealis cultures at different stages in growth 

(represented as absorption/OD) with and without cold conditioning. All samples showed 

significant increase in INA following cold conditioning. The figure shows a representative 

replicate of all assays performed. 
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Fig. 8 INA in whole cell P. borealis, supernatants of centrifuged cell cultures, and filtrates (see 

Results) with and without cold conditioning. The figure shows a representative replicate of all 

assays performed. 
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Fig. 9 Estimates of inaPb transcript abundance in P. borealis cultures, either cold conditioned or 

retained under culture temperatures, using RT-PCR followed by gel analysis. RNA template 

quality and quantity was controlled by using the 1.5 kb 16s rDNA fragment (A), in the cold 

conditioned (lane 2) and unconditioned sample (lane 3). The < 200 nt N-terminal (lanes 5 & 6) 

and C-terminal ends (lanes 7 & 8) of inaPb were amplified in both the cold conditioned (lanes 5 

& 7) and unconditioned (lanes 6 & 8) samples. Lanes 1 and 4 were loaded with a 1 kb-plus and 

100 bp-plus molecular weight ladders for fragment sizing. The figure shows a representative 

replicate of all reactions performed. 
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Fig. 10 Vector maps of expression vectors pMEKm12+inaPb (A), pMEKm12+inaPb-gfp (B) 

and pMEKm12+gfp (C). Note: Denian Miao in our laboratory assembled a construct similar to 

this (unpublished) in order to visualize INP in E. coli. There were problems with the 

maintenance of that construct in P. syringae and therefore I reassembled it using another parent 

vector. 

A B 

C 
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Fig. 11 Ice nucleation activity of transformed cells carrying pMEKm12 vectors with inaPb-gfp   

or inaPb kept at 27°C and 12 h after induction with IPTG.  Ice nucleation activity shown as the 

logarithm of the cumulative number of ice nuclei per ml. The figure shows a representative 

replicate of all assays performed. 
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 Fig. 12 Ice nucleation activity of transformed cells expressing InaPb-GFP fusion protein or 

InaPb following induction with IPTG for 12 hours and subsequent cold conditioning at 4°C for 

12 h.  Ice nucleation activity shown as the logarithm of the cumulative number of ice nuclei per 

ml. The figure shows a representative replicate of all assays performed.  
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Fig. 13 Fluorescence microscopy showing GFP illumination of transformed cells.  A-C show 

results typical of both E. coil cultures transformed with pMEKm12+inaPb-gf. A through D show 

Arctic Express™ E. coli 4 h after induction (A), and after cold conditioning (B and C). The 

unipolar (B) and Bipolar (C) fluorescence was typical seen in E. coli cultures and the proportion 

of uni- to bi- polar localization was approximately equal. E. coil transformed with 

pMEKm12+gfp  was cold conditioned and used as a control for GFP expression (D). E-G show 

results typical of Ina- P. syringae transformed with pMEKm12+inaPb-gfp 4 hours after 

induction (E), and when cold conditioned (F and G). The magnification of G is increased to 

clarify the clustering of fluorescence observed (H). Note: In all pictures, cells were moving. 

Efforts to fix them heavily impacted characteristic localization. 
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Fig. 14 The morphology of ice crystals formed when cold-conditioned P. borealis was assayed in 

the nanoliter osmometer. Other samples including Ina- P. syringae, Arctic Express™ E. coli 

transformed with pMEKm12 vectors with inaPb-gfp , LB broth and Ina- P. syringae transformed 

with ―empty‖ pMEKm12 showed identical morphologies. 
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Fig. 15 Ice crystal size of cold-conditioned P. borealis immediately after snap freezing (A) and 

after annealing for 24 h (B). Crystal size of Ina- P. syringae immediately after snap freezing (C) 

and after annealing for 24 h (D). Other samples including Arctic Express™ and Top10 E. coli 

transformed with pMEKm12+inaPb-gfp and pMEKm12+inaPb showed identical results to A 

and B.  LB broth and Ina- P. syringae transformed with ―empty‖ pMEKm12 showed results 

identical to those shown in C and D. 
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Fig. 16 Effect of infiltration of P. borealis into plants. Brachypodium distachyon (A and B) 

infiltrated with Ina+ P.syringae  pv. tomato DC3000 (top of A), P. syringae lysate (Top B), and  

P. borealis (bottom A and bottom B). Lolium perenne (C and D) infiltrated with Ina+ P.syringae  

pv. tomato DC3000 (top of C), P. syringae lysate (Top D), and P. borealis (bottom C and bottom 

D).  B. distachyon infiltrated with Top10 E. coli (top of E) and sterile distilled water (bottom E). 

L. perenne infiltrated with Top10 E. coli (top of F) and sterile distilled water (bottom F). 
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CHAPTER 4. DISCUSSION 

 

4.1 The recombinant expression of P. borealis INP and INA 

Bacterial INPs are the most effective ice nucleators yet identified, save ice itself, with 

some having the ability to nucleate ice at temperatures as warm as -2°C (Maki et al., 1974).  

While INPs have been identified in a variety of bacteria, the best characterized of these proteins 

is the INP of P. syringae. Recently, a divergent INP with 66% amino acid sequence identity to 

the InaZ gene of P. syringae has been identified in the soil isolate P. borealis DL-7 (Wu et al., 

2009). An Ina+ phenotype in P. borealis is rather remarkable in that this organism has not 

previously been described as a plant pathogen as in most other Ina+ bacteria.  Why P. borealis 

would express and maintain the Ina+ phenotype if not as method of enhancing pathogenicity is 

unclear, and thus it is worthy of further investigation.  

The identity of inaPb and the InaPb-GFP construct was verified by the conferred ice+ 

phenotype in transformed E. coli (TOP10 and Arctic Express™ E. coli) and Ina- P. syringae 

cit7del (Fig. 11 and 12). Different transformed lines differed in their ability to nucleate ice, with 

both the Arctic Express™ and Top10 cultures showing lower INA than the native P. borealis. 

This was not unexpected because these cells do not naturally express this large protein with its 

attached GFP tag. The recombinant protein may have had some effect on the cells themselves 

limiting their ability to function fully (Ami et al., 2009; Hasegawa et al., 1990). The Arctic 

Express™ cells did show an increased ability to nucleate ice when compared to TOP10 cells 

maintained under the same conditions. This may be because the Arctic Express™ cells carry 

cold-adapted chaperonins (Cpn 60 and Cpn 10 derived from the psychrophilic bacterium, 

Oleispira antarctica) that ensure a higher yield of correctly-folded proteins when cultured at 

lower temperatures (Stuerzenbaum and Kammenga, 2005).  Despite the presence of the 
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chaperonins, Arctic Express™ E. coli (as well as TOP 10 strains) did not show Type I nucleation 

usually associated with P. borealis. E. coli is a non-psychrophile with transport systems and cell 

membranes that may differ between E. coli and Ina+ bacteria and thus the INA is likely not 

maximized (Arai et al., 1989). Since this bacterium may not be an ideal host, Ina- P. syringae 

cit7del was also used as a host for the P.borealis-derived construct. The P. syringae cultures 

carrying pMEKm12+inaPb-gfp did have a higher nucleation temperature than E. coli cultures 

and nucleated ice at a temperature closer to the nucleation temperature for wild-type P. borealis.  

Since strains of both Pseudomonas species exhibit Ina+ phenotype, it is likely that they would 

share similar protein expression and transportation mechanisms. Additionally, P. borealis and 

some soil-dwelling P. syringae strains are phylogenetically related and are often isolated in 

similar environments (Porteous et al., 2005).  As such, it was not surprising that P. syringae 

proved to be a better host for a recombinant InaPb protein than E. coli. 

The E. coli and P. syringae cultures did not consistently show Type I INA activity, as is 

typically seen with wild-type P. borealis. The concentrations of protein produced and correctly 

arranged in these test strains may be lower than those produced in the native strain (Orser et al., 

1985). Additionally, the decreased ice nucleation ability of all recombinantly-expressing cultures 

may be due to the sequestration of the expressed protein in the cells, including within inclusion 

bodies. Previously, when INPs were over-expressed under the control of a foreign promoter, 

excess protein is maintained in inclusion bodies and is thus not able to interact with extracellular 

water to promote the formation of ice (Lindow et al., 1989).  

Both the E. coli and P. syringae transformed cells showed decreased INA activity when 

the INP was tagged with GFP (Fig. 11 and 12). Cells harboring pMEKm12+inaPb (no GFP tag) 

generally showed higher nucleation temperatures when compared with those expressing InaPb-
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GFP in similar culture and temperature conditions. These results suggest that the GFP tag may 

inhibit the INPs‘ ability to interact with extracellular water to efficiently nucleate ice. A similar 

observation was seen with AFPs, which showed a decreased ability to bind to growing ice when 

tagged with GFP (Middleton et al., 2009). Additionally, the presence of the GFP tag could 

possibly present difficulties for the correct folding of the C-terminal end of the chimeric protein. 

This could limit activity as any mutation or inconsistency within the C-terminal domain has been 

shown to limit INA (Wolber, 1993).   

All transformed cells and wild-type P. borealis were subjected to cold conditioning at 

4°C overnight to determine if this treatment would increase INA. In all Ina+ cultures, the cold 

conditioning increased the nucleation temperature significantly. Exposure to lower temperatures 

also appeared to affect the localization of the InaPb-GFP recombinant protein in the cells. When 

examined under a fluorescence microscope, transformed E. coli and Ina- P. syringae showed 

diffuse green fluorescence throughout the cells after incubation at higher temperatures. However, 

when cold-conditioned at 4°C, recombinant-expressing E. coli cultures showed localization of 

the fluorescence to one or both poles of the cells, and the transformed P. syringae line also 

showed some uni- and bi-polar localization but in addition had a marked increase in clustering of 

fluorescence in the centre of the cell (Fig. 13).  

In both host cell lines, cold-conditioning increased INA and the apparent aggregation of 

the fluorescently-labeled INP in the cells, with the polar localization of the InaPb-GFP following 

exposure to lower temperatures seen in all cultures. Interestingly, this localization was often seen 

in unconditioned P. syringae cultures as well. The localization of the protein to the poles may 

increase the likelihood of creating aggregates (Southworth et al., 1998), which is necessary for 

INA. Polar localization of the large INP may be a method of ensuring adequate three-



 56 

dimensional space for the aggregation and arrangement of the INP subunits in order to form a 

template surface large enough to nucleate ice effectively (Jain et al., 2006). Many virulence 

proteins in Gram negative bacteria have been shown to autotransport to the poles of cells in order 

to allow these large proteins to be secreted (Jain et al., 2006). This suggests a specific polar 

secretion pathway for these large autotransporters which is likely highly conserved; perhaps 

INPs take advantage of such a pathway. Additionally, many large virulence factors of pathogenic 

bacteria such as Shigella and Pseudomonas are present at the poles because of the polar-

localization of the Type II and Type IV secretions systems which they use (Scott et al., 2001). 

Muryoi et al. (2003) demonstrated that the ice nucleating AfpA of P. putida showed a 

combination of autotransport and Type I secretion characteristics further complicating the 

expression of these proteins. Lastly, bacterial proteins may be expressed at the poles in response 

to the negative curvature in the cell surface at the poles (Ramamurthi and Losick, 2009), and 

presumably large proteins, such as INPs, that are more difficult to ‗shuttle‘ around the membrane 

could be locally expressed at the poles and could remain there. 

The latter explanation of expression seen directly at the poles does not appear to support 

the results of fluorescence microscopy seen with inaPb-gfp-transformed P. syringae cultures. In 

this case, the INPs appear to be expressed throughout the membrane surface and subsequently 

migrate to form aggregates both at the poles and centrally on the surface of the cell 

Immunofluorescence performed with other INPs on E. coli host cells, as well as P. syringae host 

cells, has also shown this clustering (Mueller et al., 1990). The difference in fluorescence 

patterns between cold-conditioned E. coli and P. syringae expressing InaPb-GFP could be 

attributed to the differences in the cell walls and cell membranes of these two bacteria. E. coli 

may be forced to express the protein at the poles using the autotransporter systems due to the size 
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and nature of these foreign proteins. The retention of the INPs on the poles of E. coli could be 

attributed to low membrane fluidity at 4°C, thus restricting the large aggregates to the poles. 

Bardy and Maddock (2005) have shown a similar effect with P. aeruginosa methyl-accepting 

proteins that appear to migrate over the surface of E. coli in response to changing membrane 

fluidity. Additionally, the poles of E. coli have been shown to have different membrane 

composition when compared to the rest of the cell. This may provide a more stable scaffold for 

the aggregation of the proteins (de Pedro et al., 2004), which is absent in other areas of the 

membranes. In P. syringae cultures, the clustering of protein was also seen at the poles, though 

the cells exhibited an increased number of clusters in the central region of the cells as well. The 

differences in fluorescence profiles between the E. coli and P. syringae experiments might then 

be attributed to the differences in their cell membrane compositions.  

P. syringae has been shown to have membranes well-adapted to psychrophillic 

environments. In contrast to the cold-induced decrease in membrane fluidity seen in E. coli, the 

P. syringae membrane tends to maintain a ―homeoviscous state‖ at lower temperatures (Ray et 

al., 1994). Three kinds of modifications are generally seen to avoid the effects of decreased 

temperature. In general, to maintain the fluidity of the membrane at lower temperatures, cells 

increase the level of unsaturated fatty acids, decrease the fatty acid chain length, and increase 

fatty acid chain branching. In facultative psychrophiles such as P. syringae, the predominant 

change observed at low growth temperature is increased amounts of hydroxylated fatty acids in 

the membranes (Kumar et al., 2002), which helps to maintain membrane viscosity despite culture 

at low temperatures.  

 The outer membrane of Gram negative bacteria such as P. syringae consists of 

lipopolysaccharides (LPS) exclusively in the outer leaflet and phospholipids in the inner leaflet 
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of the bilayer membrane. Changes in the components or chemistry of either of these layers can 

cause changes in the permeability and fluidity of the membrane (Russell, 1990). The phosphate 

groups present in the LPS bind divalent cations, such as Ca
2+

 and Mg
2+

, which probably help in 

stabilizing the membrane. Ray and colleagues (1994) demonstrated that phosphorylization of the 

LPS in P. syringae was decreased in cells cultured at lower temperatures, resulting in decreased 

binding of cations and subsequent destabilization of the membrane. Additionally, the same study 

demonstrated that cells could convert from low levels of phosphorylization to high levels in 

response to temperature change. This may contribute to the observed changes seen in the 

localization of InaPb-GFP in response to temperature in this current study.  

Divalent cations, such as Ca
2+

 and Mg
2+

, have also been implicated as a requirement for 

the proper functioning of many membrane proteins (Razin, 1972). More recently, Ca
2+

 binding 

has been shown to be important in the proper folding of the AFP found in the antarctic 

bacterium, Marinomonas primoryensis (Garnham et al., 2008). Similar to P. syringae, it is 

probable that the increased permeability of such bacterial membranes at lower temperatures 

could increase the availability of Ca
2+

 and Mg
2+

 to these proteins to ensure their function. The 

increased fluidity of the membranes at low temperatures and resultant maintenance of 

permeability may also contribute to INA by allowing for the migration of glycoproteins to the 

INP aggregate to build the ice nucleation complex as proposed by Kozloff et al. (1991). These 

assumptions would further support the increased INA seen in the transformed P. syringae when 

compared to non-psychrophilic E. coli at lower temperatures. Interestingly, the E. coli cells 

exhibiting polar localization after cold conditioning had a nucleation temperature very close to 

that of the unconditioned P. syringae samples. The latter sample also showed a density of 

fluorescence at the poles in addition to throughout the cell without conditioning. This suggests 
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that perhaps the P. syringae cells are better suited to maximal INA without conditioning than are 

the E. coli cells. 

In all cases, incubation at higher temperatures resulted in the observed more-uniform 

distribution of fluorescence and decreased INA (Figs. 11, 12 and 13). The diffuse fluorescence 

seen at higher temperatures may be the result of the recombinant protein being packaged in 

inclusion bodies which are subsequently expressed at the poles (Lindow et al., 1989). When 

assayed, some cells with diffuse fluorescence also showed INA and thus it seems unlikely that all 

of these proteins remain within the cells. More likely the diffuse fluorescence is due to the 

random distribution of proteins on the surface which then aggregate following cold-conditioning 

leading to increased INA.  

To determine if the increased nucleation temperature of cold conditioned cells was due to 

the increased amount of protein or the aggregation of protein already present, INP transcripts 

levels were estimated using RT-PCR. The transcripts in the 16s rDNA controls did not 

consistently amplify to exactly the same intensity, but compared to results generated with 

significantly differing amounts of RNA template (not shown) these results were considered 

similar enough to indicate consistent levels of RNA transcript. Transcript levels for InaPb were 

very similar, independent of the temperature treatment, and thus no significant increase in the 

―cold-conditioned‖ samples was evident. This suggests that the increased nucleation temperature 

is not due to a cold-induced increase in expression of InaPb, but possibly cold conditioning 

allows increased aggregation of protein already present on the cell surface. Increased INA as a 

result of cold conditioning has been attributed, in theory, to aggregation of INP in most Ina+ 

bacteria (Orser et al., 1985; Rogers et al., 1987; Lindow et al., 1989). While INPs have been 

used with fluorescence tags in the surface display of a variety of proteins, the fluorescence of 
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these cells was quantified using a fluorescent cell sorter and was never directly observed (Xu et 

al., 2008). As such, there is no evidence that clustering of INP is seen when INPs are used as 

protein carrier. The aggregation of whole INPs in their native form has been demonstrated using 

immunofluorescence to visualize INP on cells that showed increased INA (Mueller et al., 1990; 

Deininger et al., 1988). It is likely that Ina+ cells do not increase protein production in response 

to lower temperatures but that they simply rearrange proteins on their surface to allow INPs to 

aggregate to create a template for ice formation of significant size. This conclusion is also 

supported by the clustering seen in Ina- P. syringae expressing InaPb-GFP when examined using 

fluorescence microscopy following cold conditioning (Fig. 13).  

When P. borealis was cultured at 15°C, cell division was slow but the cultures showed 

the highest nucleation temperature without cold conditioning; however, all cultures, regardless of 

growth temperature, exhibited Type I nucleation when cold conditioned at 4°C overnight. It was 

determined that while growth temperature could be manipulated to optimize INA, growing the 

cultures at their optimum of 27°C produced cultures that grew quickly that could be cold 

conditioned to Type I INA. This would obviously be adaptive in that the strain would produce 

INPs either after autumn cold hardening or in response to a brief cold snap at any time of year.  

Generally, all transformed lines were cold conditioned or induced with IPTG in late log 

to early stationary phase. To determine if the Ina+ phenotype was growth associated or induced 

in stationary phase, wild-type P. borealis was cultured at 27°C and samples were taken for INA 

every hour. It was determined that InaPb was produced throughout the growth of the culture, 

regardless of growth phase. Since E. coli host cells grow better at such temperatures than at 

12°C, these results indicate that the lower INA seen in the recombinant lines could not be 

attributed to initial culture temperatures. All samples of P. borealis collected throughout the 
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growth curve were cold conditioned overnight and all samples showed a significant and 

consistent increase in nucleation temperature following cold conditioning. P. fluorescens has 

also been shown to constitutively exhibit INA regardless of growth stage (Corotto et al., 1986). 

By contrast, P. syringae strains show INA only as the culture transitions to the stationary phase 

of growth (Deininger et al., 1988) suggesting that the expression of INP in P. borealis is more 

similar to that of P. fluorescens than P. syringae.     

 Since P. borealis showed similarities to P. fluorescens, it was of interest to determine if 

P. borealis could secrete extracellular ice nucleating particles as seen in P. fluorescens (Obata et 

al., 1999). In order to accomplish this, INA of whole cells, whole cell supernatant and filtered 

supernatant was determined. The whole cells and the supernatant showed INA but the filtered 

supernatant did not. Additionally, when the supernatant was plated, colonies were consistently 

seen on the plates. As such, the lower INA of the supernatant was likely due to a low number of 

cells still remaining in the supernatant. As the filtered supernatant did not show INA, the Ina+ 

phenotype is assumed to be associated with whole cells and not secreted extracellular ice 

nucleators.  

4.2 Interaction of InaPb and ice 

P. borealis was originally isolated on growing ice using ice-affinity purification (IAP; 

Wilson et al., 2006) and with its Ina+ phenotype, it was presumed that it would interact with ice. 

In addition, the recently-proposed structure of InaPb suggests that InaPb can interact and adhere 

to ice (Garnham et al., 2011b). InaPb could be expected to exhibit properties characteristic of 

proteins that can bind to ice: ice shaping, ice recrystallization inhibition (IRI), and ice affinity. 

Whole cell cultures of P. borealis and transformed cells expressing InaPb did not exhibit ice 

shaping or IRI (Fig. 14 and 15). The protein must, nevertheless, show some affinity for ice 
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though the INP may bind to ice reversibly. In contrast, AFPs have been shown to adhere to and 

incorporate into growing ice irreversibly (Pertaya et al., 2009). This binding allows for consistent 

and specific purification and concentration of AFPs using IAP regardless of their origin or 

whether they are wild-type or recombinant protein (Lauersen et al., 2011; Marshall et al., 2005; 

Middleton et al. 2009). APFs have also been shown to actively incorporate into ice, with up to 

50% incorporation from one round of IAP (Kuiper et al., 2002).  

The present study did not show an obvious increase in ice affinity for Ina+ cultures when 

compared to Ina- bacteria using fluorescence microscopy and CFU counts.  The number for 

CFUs recovered from the melt water of the Ina+ and Ina- cultures was approximately equal when 

comparing both cultures. Additionally, the number of CFUs recovered in the meltwater overall 

was negligible when compared to CFUs recovered from the liquid fractions of both cultures. The 

increase percent incorporation seen with the manual counts using fluorescent microscopy may be 

due to the ability of non-viable cells to continue to fluoresce. Assessing CFUs/mL only considers 

viable cells and thus the numbers are lower than those seen in the microscopic assays. 

Nevertheless, neither of these results supports the theory of active or selective incorporation into 

ice or that the Ina+ bacteria have a significantly higher affinity for pre-formed ice when 

compared to Ina- bacteria.  

Previously it was reported that P. borealis incorporated into ice at higher levels than the 

Ina- mesophile E.coli (Wu et al., 2009). It could be argued that the diminished recovery of E.coli 

was simply due to E. coli‘s inability to survive in the ice and not due to less incorporation. Other 

bacteria with potential IBPs have also been selected by ice affinity, but those strains are also 

generally facultative psychorphiles well adapated to freeze-thaw cycles and temperature stress 

(Wilson et al., 2006). As such, it is possible that ice affinity purification is resulting simply in the 
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selection of bacteria that are passively incorporated into ice and that survive well in those 

conditions.  Additionally, INA bacteria may have a reversible association with ice or that they 

are loosely bound to ice and are sheared off by the force of the advancing ice front.  

The lack of ice shaping and IRI despite INPs having some affinity for ice could also be 

explained by a reversible or loose binding to the ice crystals. AFPs are able to substantially shape 

ice crystals and limit ice recrystallization by accumulating on the crystal planes to limit their 

growth in a particular direction (Raymond and DeVries, 1977). Portions of the repetitive region 

of the INP have been cloned into E. coli and have shown a high affinity for ice and can indeed 

shape ice and limit crystal growth (Kobashigawa et al., 2005). This result, however, does not 

necessarily require ice affinity of the whole INP. The portion of the INP selected shows high 

protein sequence similarity to a beetle AFP and the same protein structure as AFPs for that 

particular domain. As such, while this study suggests that a portion of an INP can act as an AFP, 

my observations show that the whole INP clearly does not. 

One limitation of the ice-association assays used here is that each of them tests the 

proteins‘ association with pre-formed ice. The Ina+ bacteria may form a strong association with 

ice that they have nucleated but that they cannot associate as strongly with pre-formed or 

growing ice. The proposed model for InaPb indicates a surface onto which water molecules 

could potentially align to form a template, which could subsequently form ice (Garnham et al., 

2011b). The distances between the molecules forming that ―template‖ face may only interact 

with liquid water molecules and not with crystalline water, as seen with pre-formed and growing 

ice. A number of AFPs have been shown to bind clathrate hydrates (Gordienko et al., 2009) and 

AFPs may interact with clathrate water molecules on the frozen surface of ice (Garnham et al., 
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2011a). This model of interaction was assumed in the Garnham model of InaPb, although 

whether INPs associate with water and ice via this mechanism remains unclear. 

 The molecular arrangement similar to that required for binding to ice, but perhaps with 

increased flexibility, could serve as a template onto which water could align to form ice. 

Graether and Jia (2001) proposed that the difference in activity between AFPs and INPs was due 

to the difference in size of the potential ice-binding region. They proposed that the smaller 

version seen in AFPs resulted in binding to ice because it was not large enough to serve as a 

template for ice but that by contrast the large repeat regions of INPs could provide an ice-like 

motif to initiate the formation of ice. The Garnham et al. (2011b) model for InaPb considers only 

a small portion of the highly repetitive central domain and a region that shows similarity to 

previously characterized IBPs. While this is the region most likely to act in the nucleation of ice, 

caution should be employed when expanding the associations of a relatively small peptide to a 

much larger protein in vivo. Studying the association of bacterial INPs with ice (either pre-

formed or newly nucleated) is complicated due to the reliance on association with the cell. 

Perhaps INPs do not bind to and incorporate into growing ice, as seen with AFPs, due to their 

dependence on cellular membranes for activity.  The cells may not associate as strongly with pre-

formed ice as an adaptation to avoid becoming trapped in growing ice. The interactions of INPs 

with water and the ice they nucleate remain an area in need of further investigation.  

4.3  Epiphytic bacteria, pathogenicity and ice- why P. borealis?  

The INP of P. syringae is very well characterized due to the frost damage and disease this 

epiphytic bacterium can cause. The ability to nucleate ice is considered to be one of the varieties 

of virulence-associated systems found in P. syringae (Hwang et al., 2005). Indeed, most Ina+ 

bacteria are classified as plant pathogens and it has been hypothesized that INA confers a 
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pathogenic advantage to these epiphytes in allowing them access to frost-sensitive plant tissues 

(Lindow et al., 1983). Panagopoulos and Crosse (1964) compared infection rates of pear 

blossoms exposed to Ina+ virulent P. syringae with those exposed to Ina- P. syringae and found 

that infection rate is much higher when coupled with frost damage. Ina+ bacteria share 

commonalities in habitat and pathogenicity as these traits are highly conserved within Ina+ 

genera including Erwinia and Pseudomonas (Zhao and Orser, 1990; Hwang et al., 2005).  One of 

the exceptions to this general association is P. borealis. P. borealis has not been characterized as 

a plant pathogen and instead has been categorized as a beneficial bacterium to plants (Johansson 

and Wright, 2003).  To determine if the Ina+ strain of P. borealis could potentially be a plant 

pathogen, three different plant species were subjected to infiltration by P. borealis and 

subsequently examined for typical signs of disease. The leaves exposed to P. borealis exhibited 

the same effects as plants that had been infiltrated with a commercially available INP 

preparation. Such plants showed typical ice-damage symptoms such as flaccidity and 

compression but did not show browning or lesions typical of plant disease, such as observed in 

the P. syringae experiments (Fig. 16). These results suggest that P. borealis does not benefit by 

having an Ina+ phenotype as a method of invading plant tissues as a plant pathogen. P. borealis 

may be an opportunistic bacterium that invades plants that have been damaged by frost, but 

P.borealis apparently lacks other virulence factors to cause plant disease. More likely, this soil-

dwelling isolate expresses INP as a method to either disperse itself via the hydrological cycle or 

to gain access to nutrients in leaf litter.   

4.4 Future directions 

Despite the results and achievements presented in this thesis, the characterization of 

InaPb is not complete. To fully understand how P. borealis, and other Ina+ bacteria use these 
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proteins, the activity of both the protein and the cells themselves requires further investigation.  

The non-association of Ina+ bacteria and INPs with pre-formed ice remains unconfirmed. Using 

microscopic techniques to observe fluorescently labeled Ina+ bacteria associating with ice would 

further our understanding of how these bacteria interact with ice. Additionally, ice-association 

techniques for whole cell bacteria should be developed that do not require pre-formed ice and 

thus would allow for the visualization of fluorescent Ina+ bacteria nucleating ice and, possibly, 

binding to it.  

The expression of InaPb in P. borealis is a unique characteristic and adaptation for this 

non-phytopathogenic organism. Many other Ina+ bacteria have been described as having INPs in 

order to cause frost damage to plants and/or to disperse themselves. The function of InaPb in 

P.borealis remains unclear. To determine if this Ina+ bacterium uses the protein to gain access to 

nutrients in plants or as a mechanism for atmospheric dispersal further research must be 

performed. Using 16s rDNA sequencing, the screening of atmospheric, snow and soil samples 

from varied distributions would confirm if P. borealis utilizes the ability to nucleate ice as a 

mechanism of dispersal. Perhaps other Ina+ strains of the same species could be confirmed. 

Lastly, by comparing the INP sequences of Ina+ bacteria found in these remote locations, the 

relatedness of the species could be confirmed.  Did the Ina+ bacteria present in one sample 

acquire the INP gene by lateral gene transfer or was Ina+ bacterium transported to the site by 

means of atmospheric deposition as a result of ice nucleation? 

Bacterial INPs are unique proteins whose structure and characteristics are well conserved 

across different Ina+ genera. Efforts to identify and characterize new bacteria with potential IBPs 

would further our understanding of these specialized proteins. Soils and plants that experience 

frequent freeze-thaw cycles are particularly good candidates for the isolation of new Ina+ 
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bacteria as resident bacteria are more likely to have developed IBPs as mechanism of coping 

with temperature-related stress. This reasoning carries nicely also to candidate bacteria in the 

atmosphere as they too experience constant variation in temperature.  However, the discoveries 

of Gram positive bacteria that exhibit INP, ECINs and bacterial IBPs that seem to exhibit both 

INA and IRI challenge what is considered to be a typical candidate for bacterial IPB research. 

Only through careful screening and characterization of a variety of IBPs and the interactions 

between IBPs will we solidify our understanding of these unique proteins.  Further research of 

IBPs, such as this thesis work characterizing  InaPb of P. borealis, will aid in our understanding 

of how P. borealis and other Ina+ bacteria use these proteins and what competitive advantages 

these proteins confer to their hosts.  
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Appendix I - Results 

 

Fig. A.1 Average nucleation temperature (T90) of P. borealis cultures grown to late log phase at 

the incubation temperatures indicated. Cultures were assayed again following cold conditioning. 

Asterisks denote significant changes in INA following cold conditioning.  The figure shows a 

representative replicate of all assays performed. 
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Fig. A.2. Average nucleation temperature (T90) of P. borealis cultures at different stages in 

growth (represented as absorption/OD). Aliquots taken throughout growth were assayed again 

following cold conditioning. All cultures showed significant increase in INA following cold 

conditioning. The figure shows a representative replicate of all assays performed. 
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Fig. A.3. Average nucleation temperature (T90) in whole cell P. borealis, supernatants of 

centrifuged cell cultures, and filtrates (see Results) with and without cold conditioning. Asterisks 

denote significant changes in INA following cold conditioning.  The figure shows a 

representative replicate of all assays performed. 
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