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Introduction 
Psychrophilic and psychrotolerant microorganisms inhabiting polar, alpine, and marine 
environments have evolved a wide range of adaptive mechanisms that enable survival 
under conditions of prolonged cold exposure, freeze–thaw stress, and limited nutrient 
availability. Among these adaptations, the production of ice-binding proteins (IBPs) has 
attracted considerable scientific and industrial interest due to their unique ability to 
interact with ice crystals and modify ice growth behavior.  
     IBPs have been identified in a wide range of organisms, including fish, insects, plants, 
fungi, algae, and bacteria, where they contribute to freeze tolerance and cellular 
protection in cold environments. Their physicochemical properties have led to increasing 
attention toward their potential application in biotechnology, medicine, agriculture, and 
the food industry.  

Ice-binding proteins function by adsorbing to specific planes of ice crystals, thereby 
inhibiting further crystal growth. One of the functional properties of IBPs is ice 
recrystallization inhibition (IRI), which prevents the growth of large ice crystals at the 
expense of smaller ones at temperatures close to their melting point. Ice recrystallization 
is a major cause of structural damage in frozen biological systems and food matrices, 
negatively affecting texture, moisture retention, and overall product quality. 
Consequently, IBPs have emerged as promising natural additives capable of improving 
the stability and quality of frozen foods such as ice cream, frozen meat, frozen 
vegetables, and bakery products.  

The present thesis focuses on the isolation and characterization of ice-binding 
proteins from Pseudomonas fluorescens AQP671, a bacterial strain isolated from brown 
algae collected along the coast of Scotland. The thesis investigates the production and 
purification of IBPs from this bacterium and evaluates their functional properties with 
emphasis on IRI activity. In addition to purification and recombinant expression, this 
thesis investigates the effects of environmental factors such as pH and temperature on 
IBP expression and activity, as well as the thermal stability of these proteins.  

To assess their practical potential, the purified proteins were incorporated into frozen 
dough systems to examine their cryoprotective effects during frozen storage, as ice 
recrystallization and freeze–thaw stress can negatively affect dough quality, and IBPs 
may help preserve dough structure and functionality by limiting ice crystal growth. 

This thesis also explores the presence of potential IBP-producing bacteria associated 
with Baltic Sea seaweeds. By comparing bacterial isolates and reviewing relevant 
literature, the study aimed to evaluate whether Baltic marine environments may 
represent additional sources of IBP-producing microorganisms. 
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Abbreviations 
AFP Antifreeze protein 
AFPG 
CTAB  

Antifreeze glycoprotein 
Cetyltrimethylammonium bromide 

DUF Domain of unknown function 
IAP Ice affinity purification 
IBP Ice-binding protein 
IBS Ice-binding site 
INA  Ice nucleating activity 
INP 
IPTG 

Ice nucleating protein 
Isopropyl β-D-1-thiogalactopyranoside 

IRI Ice recrystallization inhibition 
PfAdh Pseudomonas fluorescens AQP671 adhesin type protein 
PfMp Pseudomonas fluorescens AQP671 metallopeptidase type protein 
RIP Recrystallization inhibition protein 
RTX Repeats-in-toxin 
SP Sulfopropyl-Sephadex-binding  
TH Thermal hysteresis 
QAE Quaternary aminoethyl-Sephadex-binding 
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1 Literature review 

1.1 Ice-binding proteins and their importance 
Water accounts for about 60-90% of most organisms in terms of weight, playing an 
essential role in most biological functions. The freezing of water is a natural phenomenon 
that usually starts with ice crystal formation. This process consists of two phases: nucleus 
formation and grain growth. During nucleation, water molecules combine to form 
ordered ice particles. During the ice crystal growth stage, the sizes of nucleation particles 
increase by adding more water molecules in an orderly manner (Chen et al., 2020). 

Depending on the purity of water, ice nucleation can be divided into two forms. First 
is homogeneous nucleation, which takes place in the absence of impurities in the water 
(Sanz et al., 2013). Second is heterogeneous nucleation, which takes place in non-pure 
water systems. During the heterogeneous nucleation process, water molecules are 
aggregated into crystals on nucleating agents, such as biological compounds or 
crystalline surfaces (X. Chen et al., 2020; Fitzner et al., 2015) 

The freezing of water can be detrimental to organisms inhabiting areas where 
temperatures regularly drop below zero. Therefore, these organisms have evolved to 
produce many cryoprotective agents, such as ice-binding proteins (IBPs). IBPs are a 
heterogeneous group of proteins that adhere to ice and can inhibit ice recrystallization 
or growth (Bar Dolev et al., 2016; Białkowska et al., 2020; Chasnitsky & Braslavsky, 2019; 
Davies, 2014). 

The evolutionary history of IBPs goes back 10-30 million years, when the sea levels 
began to freeze in Antarctica (Gharib et al., 2022). However, the first IBPs were identified 
only ~55 years ago, when it was discovered that the serum freezing points of some 
Antarctic fishes were below the freezing point of seawater. The concentrations of urea, 
salts, and free amino acids in the serum accounted for only a portion of the freezing point 
depression; the rest was attributed to a carbohydrate-containing protein (DeVries & 
Wohlschlag, 1969). These glycoproteins circulate in the bloodstream of Antarctic 
Notothenioid fishes and serve the purpose of stopping ice crystal growth. (Chen et al., 
2020; Davies, 2014; Mahatabuddin et al., 2017).  

To date, IBPs have been discovered in fish, insects, plants, nematodes, algae, fungi 
and microorganisms. Despite their common ability to bind to ice, they exhibit large 
variability in size and structure (Bar Dolev et al., 2016; Białkowska et al., 2020; Davies, 
2014; Ramløv & Friis, 2020). 

Many modelling studies have suggested that the mechanisms by which IBPs adhere to 
ice involve the organization of water molecules into a constrained ice-like pattern by the 
ice-binding site (IBS). This ice-like pattern resembles the quasi-liquid layer of water next 
to the ice surface. When these two layers combine, the IBPs are frozen to the ice surface 
at temperatures below the melting point (Davies, 2014; Voets, 2017).  

In general, IBPs have one to two IBSs that can be described as extensive, consisting of 
many hydrophobic residues creating a relatively flat surface in which several polar 
residues are inserted at regular intervals or dispersedly. It is also devoid of charged 
residues when compared to the rest of the IBP, and it has been concluded that good 
alignment formation of threonine (Thr) residues with their intervals matching the ice 
lattice may be the key for ice inhibition (Davies, 2014; Ramløv & Friis, 2020; Xue et al., 
2019; Yamauchi et al., 2020). Other contributors that may play a part in IBP adhesion to 
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ice are van der Waals interactions, hydrogen bonding and hydrophobic forces (Davies, 
2014; Voets, 2017). 

The binding of IBPs to the ice surface causes a microcurvature (Figure 1A). According 
to the Kelvin effect, it is thermodynamically more difficult for water to add to a curved 
ice surface than to a flat one; therefore, the freezing temperature is depressed below 
the freezing point (Figure 1B). Due to the surface adsorption of IBPs, the melting 
temperature is also slightly elevated. The sum of the large freezing hysteresis and small 
melting hysteresis is called thermal hysteresis (TH) (Chen et al., 2020).  

Figure 1: The changes in the surface curvature of the ice lattice when IBPs are adsorbed to it (A) 
and the corresponding changes in the vapor pressure and freezing and melting temperatures (B). 
Adapted from Ramløv & Friis (2020). 

In addition to the TH activity, IBPs can also exhibit ice recrystallization inhibition (IRI), 
dynamic ice shaping and ice nucleation activity (INA) (Bar Dolev et al., 2016; 
Mahatabuddin et al., 2017; Voets, 2017). 

Ice recrystallisation is a process belonging to the Ostwald ripening class. It occurs 
when larger ice crystals grow at the expense of smaller ones at a constant temperature. 
This process leads to an increase in mean crystal size, a decrease in the number of crystals 
and total crystal surface area (Rahman et al., 2019). Ice recrystallisation takes place due 
to small size differences between ice crystals. Larger ice crystals have a slightly lower 
curvature and therefore a higher melting temperature. This leads to a net flux of water 
molecules from smaller ice crystals to larger ones. In the presence of IBPs, the difference 
in melting temperatures between larger and smaller ice crystals is decreased due to the 
change in ice surface curvature (Ramløv & Friis, 2020). 

In pure water, ice crystals grow and melt continuously in the shape of a flat disk (Figure 
2). IBPs change the photomicroscopic structure of an ice crystal to a hexagonal bipyramid 
or a lemon-like shape, depending on the type and number of ice planes that the IBPs are 
bound to (Bar Dolev et al., 2016; Mahatabuddin et al., 2017; Voets, 2017). 
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Figure 2: Ice crystal shapes in pure water (Tm = Tf) and in the presence of ice-binding proteins (Tm ≠ 
Tf), Tm - melting temperature, Tf - freezing temperature (adapted from Bar Dolev et al., 2016; 
Mahatabuddin et al., 2017; Voets, 2017) 

In addition to the named properties of IBPs, some secondary, possibly protective 
functions have been identified. One such property could be the stabilization of 
membranes when the organisms are exposed to cold; another could be the stabilization 
of the organism's ion balance during cold exposure, and some antifreeze proteins have 
anti-virulence effects, which may be adaptive to cold-tolerant organisms (Ramløv & Friis, 
2020). 

1.2 Categorization of ice-binding proteins 
Ice-binding proteins exhibit considerable diversity, reflecting their widespread 
occurrence across a variety of organisms. This variation is evident in their structural 
features, modes of action, and ice-binding activity. Accordingly, IBPs can be categorized 
based on differences in their function, levels of activity, and structure (Ramløv & Friis, 
2020). 

1.2.1 Categorization according to function and activity 
Ice-binding proteins can largely be grouped into three categories based on their primary 
activity: ice nucleating proteins (INPs), which exhibit ice nucleating activity, antifreeze 
(glyco)proteins (AF(G)Ps), which exhibit thermal hysteresis activity and recrystallization 
inhibition proteins (RIPs), which exhibit ice recrystallization inhibition activity, as shown 
in Figure 3 (Gharib et al., 2022).  
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Figure 3: Range of activities characteristic of ice-binding proteins with examples of organisms 
producing proteins with the respective activities. INA - ice nucleating activity, IRI – ice 
recrystallization inhibition activity, TH – thermal hysteresis activity. Adapted from Gharib et al. 
(2022), Ramløv and Friis (2020) and Chang et al. (2024). 

The primary function of INPs is to control the formation of ice crystals (Gharib et al., 
2022). This function is important for organisms that need to regulate the location where 
ice crystals are created. For example, in plants, ice nucleating proteins (INPs) are secreted 
to keep the ice extracellular and therefore avoid ice crystals in the cytosol (Bar Dolev et 
al., 2016). The formation of ice in the extracellular space increases the solute 
concentration outside the cell, creating an osmotic gradient that drives water efflux from 
the cytosol. This dehydration reduces the likelihood of intracellular ice formation, which 
is typically more damaging, but also imposes mechanical and osmotic stress on the cell 
(Bojic et al., 2021; Kato et al., 2023). Alternatively, plant pathogenic bacteria, for 
example, Pseudomonas syringae,  use INPs to cause frost damage to plants to obtain 
nutrients (Roeters et al., 2021). Other organisms known to produce INPs include 
Pseudomonas borealis, Pseudomonas fluorescens, Pseudomonas viridiflava, 
Pseudomonas putida, Pseudomonas antarctica, Erwinia herbicola, Erwinia ananas, 
Erwinia uredovora and Xanthomonas campestris. These bacteria can catalyze ice 
formation at temperatures as high as -2 °C to -3 °C (Garnham et al., 2011; Kawahara, 
2002; Qiu et al., 2019; Sun et al., 1995; Xu et al., 1998) 

Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) decrease the freezing 
point of body fluids of freeze-tolerant organisms. These proteins exhibit high TH values, 
indicating their ability to depress the freezing temperature and inhibit ice crystal growth. 
AFPs and AFGPs have mainly been found in fish and insects, but also in certain 
microorganisms (Gauthier et al., 1998, 2005, 2008; Gharib et al., 2022; Leiter et al., 2016). 
AFPs and AFGPs can be categorized based on their TH values. Hyperactive proteins have 
a TH value of 2-13 °C, whereas moderately active AFPs and AFGPs have a TH value of up 
to 2 °C  at equimolar concentrations (Vance et al., 2019). The hyperactivity of proteins 
with a high TH value has been associated with their ability to bind to multiple ice planes 
(Ekpo et al., 2022). 

RIPs inhibit the recrystallization of ice and mitigate the damage done by growing ice 
crystals (Gharib et al., 2022). RIPs are mainly found in plants, nematodes, fungi, algae 
and microorganisms, but they have also been identified in animals, for example, in the 
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Wood frog (Rana sylvatica), which can survive in temperatures as low as -16 °C (Gharib 
et al., 2022; Le Tri et al., 2019).  

The IRI activity of different proteins can be compared by calculating the inhibitory 
concentration, which is the concentration causing 50% inhibition of recrystallisation and 
is calculated by plotting the rate constant as a function of IBP concentrations, as shown 
in Figure 4. Based on these values, IBPs can be classified as very effective (Ci < 10-1 
μmol/L), effective (10-1 μmol/L <  Ci < 103 μmol/L) and ineffective (Ci  > 103 μmol/L) (Vance 
et al., 2019).  

Figure 4: Graphical evaluation of the 50% inhibitory concentration (Ci) of ice recrystallization. 

There is also proof that IRI activity is dependent on the manner in which the IBP binds 
to the ice planes. For example, proteins that adhere to multiple ice planes have a higher 
IRI activity than those that adhere to a singular plane (Rahman et al., 2019). 

In some organisms, AFPs or RIPs also have a weak INP activity and vice versa, which 
possibly acts as a means to increase freeze tolerance (Bar Dolev et al., 2016; Chang et al., 
2024). Additionally, since IRI and TH activity are often associated with the same protein, 
the exact characterization of the protein may differ across the literature. Because of that, 
the broader term, ice-binding proteins, is commonly used for those proteins (Gharib et 
al., 2022). 

1.2.2 Categorization according to structure 
IBPs have a large structural diversity. In general, they rely more on hydrogen and disulfide 
bonds and less on a hydrophobic core. Some of the known structures to date include α-
helices, single β-solenoids, globular proteins, four-helix bundles and polyproline type II 
helix bundles (Bar Dolev et al., 2016; Davies, 2014). Examples of these structures are 
shown in Figure 5. 
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Figure 5: Structures of various ice-binding proteins, including α-helices (1WFA, 4KE2 from winter 
flounder), β-structures (1M8N from spruce budworm, 4DT5 from ribbed pine porer, 3ULT from 
perennial ryegrass, 3P4G from Marinomonas primoryensis), globular (5MSI from ocean pout, 2PY2 
from herring) and miscellaneous helix bundles (2PNE from the snow flea and 7JJV from springtail). 
Adapted from Bar Dolev et al. (2016), Davies (2014), and Ramløv and Friis (2020). Structures are 
taken from the RCSB Protein Data Bank (2025) 

AFGPs contain 4 to 50 tripeptide repeats (Ala–Ala–Thr, in some cases substituted by 
Pro–Ala–Thr in AFGPs 6–8) with galactose-N-acetylgalactosamine attached to each Thr. 
In the described unit, the carbohydrate moiety makes up about 60% of the mass. AFGPs 
can be categorized into 8 classes according to size. AFGP type 1 is the largest (Mw = 33.7 
kDa), and the rest go in decreasing order, with the smallest being AFGP type 8 (Mw = 2.6 
kDa) (Bouvet & Ben, 2003; Devries, 1982).   

Each of the 8 classes also contains several isoforms. The general secondary structure 
has been described as a type II polyproline helix, but only at low temperatures. In this 
configuration, each triplet (Ala-Ala-Thr) makes one turn in the coil and the carbohydrate 
units result in a regular arrangement on one side of the molecule. This gives the molecule 
an overall amphipathic character, where the protein backbone with the methyl group of 
Ala is more hydrophobic, and the carbohydrate side is more hydrophilic (Ramløv & Friis, 
2020; Voets, 2017). An exceptionally large (150 kDa) AFGP in Pleuragramma antarcticum 
has also been reported. This is also the only AFGP known to be hyperactive (Yang, D. S. 
C., Sax, M., Chakrabartty, A., & Hew, 1988). 

AFPs are also categorized into four classes according to their genetics, size, and 
structure. Their structure can be described as amphipathic, while the ice-binding site is 
somewhat hydrophobic (Ramløv & Friis, 2020; Voets, 2017).  

Type I AFPs are alanine-rich α-helixes with a molecular weight of 3,3–4,5 kDa (Voets, 
2017; Yang, D. S. C., Sax, M., Chakrabartty, A., & Hew, 1988). There are also subsets of 
type I AFPs. Firstly, liver-type AFPs, which have signal peptides and are secreted into the 
bloodstream. Secondly, skin-type AFPs, which lack signal peptides and are mainly present 
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in the skin and other peripheral tissues (Ramløv & Friis, 2020). Some Pleuronectiformes 
also have a third, larger isoform, which has also been referred to as “hyperactive type I 
AFP” due to its superior activity compared to other type I AFPs (Gauthier et al., 2005; 
Graham et al., 2008).  

Type II AFPs are 11–24 kDa globular proteins, consisting of two α-helixes and nine β-
strands in two β-sheets. These proteins are cysteine-rich C-lectin-like proteins. They all 
share a great identity in amino acid sequence and conserved gene sequences, and have 
a unique disulfide bond pattern. C-lectin proteins traditionally have 2-4 disulfide bonds; 
type II AFPs, however, have five of the aforementioned bonds (Ramløv & Friis, 2020; 
Voets, 2017). Type II AFPs can also be divided into two distinct groups. Some require Ca2+ 
as a cofactor for activity, for example, AFPs from herring and smelt. These AFPs have ice-
binding sites corresponding to the carbohydrate-binding site of C-lectins (Ramløv & Friis, 
2020; Vanya Ewart et al., 1996). Ca2+-independent AFPs of the same type have the IBS at 
a different location and therefore don’t require Ca2+ for activity. For example, AFPs from 
sea raven and poacher (Loewen et al., 1998). 

Type III AFPs are small, globular proteins without cysteines that do not bind to the 
basal plane of ice (Chasnitsky & Braslavsky, 2019). These proteins have been found in a 
variety of fish, but mainly eelpouts and wolf fish. Their folding pattern is complex, 
consisting of several short strands paired in two antiparallel β-sheets, in addition to 
several helices. The primary sequence of these AFPs also shows no obvious repeats 
(Ramløv & Friis, 2020; Voets, 2017). Type III AFPs are found in two structural variants that 
can be differentiated based on their isoelectric point. Quaternary aminoethyl-Sephadex-
binding (QAE) forms have a pI value below 7, and sulfopropyl-Sephadex-binding (SP) 
forms have a pI value above 7 (Choi et al., 2021). It has been shown that the QAE forms 
have a higher activity. It is most likely that these two forms cooperate in the organisms 
in which they are present (Ramløv & Friis, 2020; Voets, 2017). 

Type IV AFPs are lipoprotein-like proteins with a molecular weight of about 12 kDa. 
Their structure consists of four amphipathic α-helixes of similar length that are folded 
into a four-helix bundle (Ramløv & Friis, 2020; Voets, 2017). They are present in several 
fish. However, they show low thermal hysteresis activities. Therefore, it has been 
speculated that these AFPs have other functions in the organisms (Gauthier et al., 2008). 
For example, they may be involved in embryogenesis (Xiao et al., 2014). 

The structures of AFPs present in insects have been described for five orders of 
insects: Coleoptera, Hymenoptera, Lepidoptera, Diptera and Hemiptera. The structures 
are very diverse, but often rich in β-solenoids and silk-like solenoids (Ramløv & Friis, 
2020; Voets, 2017). These AFPs also have a significantly higher antifreeze activity (10-100 
times higher than fish AFPs), most likely an adaptation to the significantly lower 
terrestrial temperatures they inhabit (Kuiper et al., 2015). This higher activity can also be 
linked to the disulfide bonds present in insect IBPs, which enhance conformational 
stability and reduce the likelihood of cold-induced structural destabilization (Bar et al., 
2006; Liou et al., 2000). 

IBPs from bacteria, diatoms, plants, and fungi have been shown to have a similar 
secondary structure, which may be the result of horizontal gene transfer across the 
species. One example is the PFAM11999 (previously DUF3494) domain. The 3D structure 
of proteins containing this domain is generally a discontinuous beta-solenoid with a 
triangular cross-section and an adjacent alpha-helix. An α-helix runs along the A-face, 
parallel to the longitudinal axis of the β-helix. This fold, typical for PFAM11999 IBPs, has 
been called the IBP-1 fold (Raymond & Remias, 2019; Vance et al., 2019). Despite similar 
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structures across all of the proteins in this group, these proteins present a diverse 
magnitude of activity, both in terms of thermal hysteresis as well as ice recrystallisation. 
The proteins are usually secreted into the environment of the host cell or are anchored 
onto their cell membranes (Arai et al., 2019; Raymond & Remias, 2019; Vance et al., 
2019). 

Additionally, some ice-binding proteins, for example, adhesins from Antarctic 
bacteria, Marinomonas primoryensis and Marinomonas arctica (BSI20414), have the 
repeats-in-toxin (RTX) motif (GGXGXDX(L/I/F)X) associated with the ice-binding site of 
these IBPs. It is believed that these bacteria use IBPs to adhere to floating ice crystals and 
use them as a means of transport to nutrients and oxygen in the phototrophic zone 
(Garnham et al., 2008; Guo et al., 2017; Liao et al., 2021). 

1.3 Ice-binding proteins in Pseudomonas species 
Pseudomonas species have been studied for their ability to produce ice-binding proteins, 
including both ice-nucleating proteins and antifreeze proteins, which play distinct but 
sometimes complementary roles in cold adaptation. 

Pseudomonas syringae is one of the most well-characterized microorganisms used to 
demonstrate the function of INPs. The INP responsible for this activity in P. syringae has 
been extensively analyzed and is characterized by a highly repetitive central domain 
flanked by non-repetitive N- and C-terminal domains (Roeters et al., 2021; Saki et al., 
2023). 

The central region consists of repeating units, with the largest repeat element being 
48 residues in length, composed of three 16-residue repeats. Disruption of this 48-
residue periodicity results in a loss of ice-nucleating activity, highlighting its structural 
importance. The N- and C-terminal domains are thought to function as anchors, 
facilitating attachment of the protein to the outer membrane. Structurally, the INP 
adopts a β-helix conformation (Graether & Jia, 2001). 

Another species, Pseudomonas putida, has also been shown to produce IBPs. The 
strain P. putida GR12-2, isolated from the rhizosphere of Arctic plants, is capable of 
surviving harsh winter conditions and proliferating at low temperatures (~5°C). When 
concentrated growth medium from cultures grown at 5°C for six days was analyzed, the 
average freezing and melting temperatures were 0.15°C and 0.13°C, respectively, 
corresponding to a thermal hysteresis (TH) value of 0.02°C (Sun et al., 1995). 

Notably, antifreeze activity was predominantly detected in the extracellular fraction, 
despite its lower total protein content compared to cytoplasmic and periplasmic 
fractions, indicating that IBPs are primarily secreted (Sun et al., 1995). 

Initial SDS-PAGE analysis estimated the protein mass at ~32 kDa; however, further 
purification revealed a much larger molecular mass of approximately 164 kDa. The 
smaller observed protein is thought to be a degradation product. This IBP exhibits both 
antifreeze and ice-nucleating activities, which may explain its relatively large size 
compared to other bacterial IBPs. A significant portion of the molecular mass consists of 
carbohydrate, consistent with antifreeze glycoproteins, and lipid moieties are also 
present (Singh et al., 2014; Sun et al., 1995; Xu et al., 1998). 

Further biochemical analyses suggest structural features important for activity. Partial 
loss of function following treatment with β-mercaptoethanol indicates the presence of 
cysteine residues, likely involved in disulfide bond formation. Sensitivity to α-
chymotrypsin suggests the presence of exposed aromatic residues such as tyrosine, 
phenylalanine, or tryptophan. In contrast, the protein remains stable in 1% SDS, 
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indicating considerable structural robustness. The presence of cysteine residues likely 
contributes to resistance against denaturation by detergents or elevated temperatures 
(Sun et al., 1995). 

Additionally, the functional behavior of the protein appears to depend on its 
aggregation state. Large aggregates exhibit high ice-nucleating activity, whereas 
monomeric forms display antifreeze activity. Ice nucleation is likely facilitated by lipid-
carbohydrate moieties involved in aggregation, whereas antifreeze activity does not 
require such structures. This suggests that the two opposing functions are 
complementary and context-dependent (Xu et al., 1998). 

Pseudomonas ficuserectae, isolated from cryoconite holes, produces IBPs with high 
antifreeze activity. The molecular weight of the protein is approximately 23 kDa, and its 
TH value can reach up to 2°C, which is among the highest reported for bacterial IBPs. 
Different strains of P. ficuserectae exhibit significant variation in ice IRI activity. Two IBPs 
from Arctic P. ficuserectae strains both displayed strong TH activity (~2°C at 2 mg/mL), 
yet differed markedly in IRI performance. One protein exhibited only moderate IRI 
activity at 0.1 mg/mL, whereas the other showed strong IRI activity at concentrations as 
low as 0.05 mg/mL (Ramløv & Friis, 2020; Singh et al., 2014). 

In Pseudomonas fluorescens KUAF-68, both ice-nucleating and antifreeze activities 
have been observed. These functions are associated with separate proteins. The 
antifreeze protein exhibits a relatively low TH value of 0.03°C. SDS-PAGE analysis 
revealed molecular weights of approximately 80 kDa for the antifreeze protein and 600 
kDa for the ice-nucleating protein. These proteins are thought to have stabilizing effects 
on the membranes of the bacteria (Kawahara et al., 2004). 

1.4 Frozen food systems 
Freezing has become a widespread method of food preservation (S. Xiao et al., 2024). It 
consists of three stages: pre-cooling, phase transition and tempering. In the pre-cooling 
stage, the product is cooled to its freezing point. During phase transition, the latent heat 
of fusion is removed, and in the tempering stage, the product is cooled to its final storage 
temperature (Kiani & Sun, 2011).  

During freezing, the amount of free water in the product decreases, which lowers 
water activity (S. Xiao et al., 2024). Therefore, the rate of chemical reactions and the 
activity of enzymes and microorganisms are slowed down, and the shelf-life of food 
products is extended (Tirado-Kulieva et al., 2022). 

1.4.1 Problems related to freezing 
Although freezing of food products helps reduce chemical reactions and microbiological 
activity in food, it can also cause structural disruptions in food. This is caused by the 
mechanical stress of growing ice crystals, which damages the cells and tissues. Another 
major challenge related to frozen food products is the maintenance of the cold chain, 
aimed at keeping optimal storage temperature during production, storage and 
distribution. Inappropriate refrigeration during distribution is estimated to be one of the 
main causes of food waste (X. Chen et al., 2020; Mangiagalli et al., 2020). 

The physical changes of frozen food during storage can be described as cracking, 
recrystallisation, moisture loss and migration of unfrozen water. During freezing, the 
formation of ice excludes solutes from the crystal lattice, leading to a progressive 
reduction in free water and a corresponding increase in solute concentration in the 
remaining unfrozen phase. Chemical changes of frozen foods include deterioration of 
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flavor, vitamins, minerals and pigments, denaturation of proteins, inactivation of 
enzymes and oxidation of lipids. The freeze-thaw process caused by temperature 
fluctuations can lead to additional structural and textural changes that negatively impact 
the quality of the end product (X. Chen et al., 2020; Hu & Xie, 2021; Tirado-Kulieva et al., 
2022).  

For example, frozen storage can cause physical damage to muscle tissues and cell 
structures, influencing the water-holding capacity and texture of meat and meat 
products (Leygonie et al., 2012; Wang et al., 2021).  The lipid and protein degradation 
caused by the freeze-thaw process can lead to the release of factors that intensify 
oxidative reactions and promote the formation of carbonyl compounds, 
malondialdehyde or other oxidative products, which change the flavor and color of meat 
products (Huang et al., 2013; Leygonie et al., 2012; Utrera et al., 2014). 

Similarly, freeze-thaw cycles decrease the quality of various seafood products. It has 
been shown that they cause cooking and centrifugal losses, structural deterioration and 
a reduction in amino acid content in frozen Chilean jack mackerel (Trachurus murphyi) 
and destabilize the muscle structure of catfish (Silurus glanis Linne) (Benjakul & Bauer, 
2001; Hu & Xie, 2021). Comparable results have been observed for shrimp; repeated 
freeze-thaw cycles cause an increase in free water and a decline in the texture of the 
frozen product (Lan et al., 2020). The damage was found to be proportional to the size 
of the ice crystals (Hu & Xie, 2021). 

Freezing is particularly harmful to fruits and vegetables due to their high free water 
content. Growing ice crystals harm the cell walls of plants, causing dehydration and 
deterioration of product quality. Another main reason for such deterioration is ice 
recrystallisation during storage linked to temperature fluctuations, as repeated freeze-
thaw cycles have a negative effect on product firmness and cause an increase in drip loss 
(X. Chen et al., 2020, 2021; Provesi et al., 2019). 

The formation of ice crystals during freezing and the freeze-thaw process can cause 
starch retrogradation and disrupt the dough matrix, gluten network and yeast viability, 
resulting in reduced dough strength and compromised baking performance. This leads to 
loss of gas retention, poor loaf volume and significant deterioration in the textural 
properties of the final product. (Ding et al., 2020; Sharadanant & Khan, 2003a, 2003b; 
Yang et al., 2019; Zhao et al., 2022). Literature has indicated that whole wheat dough 
may have better resistance to freezing compared to white wheat dough when it comes 
to maintaining loaf volume and softness. However, the decrease in quality is still 
significant, with an 8.8% and 17.9% decrease in loaf volume and 28.8% and 39.9% 
decrease in softness, respectively (Bae et al., 2014). 

The formation and recrystallisation of ice crystals in frozen dairy products have a 
significant effect on their sensory quality and textural and structural stability. Ice 
recrystallization causes the mean size of ice crystals to increase, which in turn results in 
a coarse mouthfeel (X. Chen et al., 2020; Kaleda et al., 2018; Liu, Liang, Wang, et al., 2018; 
Mangiagalli et al., 2020; Zhang et al., 2016). 

1.4.2 Improving the quality of frozen food products with IBPs 
Since IBPs have good control over ice crystals, they can be used in food processing to 
improve the nutritional value and quality of frozen foods. Some possible applications of 
IBPs in food include use in frozen meat, fish, fruits, vegetables, dough and dairy products 
(X. Chen et al., 2020; Mangiagalli et al., 2020).  
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IBPs can be introduced into food matrices through mechanical methods like mixing, 
soaking, injecting or vacuum infiltration or through genetic approaches, for example, to 
create more cold-resistant crops (Chen et al., 2021). When IBPs are added to food 
products through mechanical methods, they are referred to as ice-structuring proteins 
(Chen et al., 2020; Mangiagalli et al., 2020). 

In frozen meat products, IBPs could be added to the surface to create smaller ice 
crystals and prevent their growth, leading to a product with less nutrient loss and also 
with a better protein fiber microstructure. It has also been shown that injecting live 
animals with IBPs up to 24 hours before slaughter has a positive effect on the meat once 
it’s frozen and thawed. There is less water dripping and nutrient loss detected (X. Chen 
et al., 2020; Mangiagalli et al., 2020). 

Recrystallisation in frozen fruits and vegetables can be prevented with the use of IBPs. 
For example, a patent has been created for the use of fish antifreeze proteins in frozen 
vegetables. In this patent, the vegetables are first blanched, then the antifreeze protein 
is infiltrated through the use of vacuum infiltration and then the products are frozen. 
This type of IBP use has been shown to improve the quality of frozen carrots (X. Chen et 
al., 2020; Patent-WO2003055320A1, 2003). Other proteins exhibiting IRI or TH activity 
have been used to improve the quality of various fruits and vegetables, such as cherries, 
bananas, green beans, onions, cucumbers and zucchinis (X. Chen et al., 2021; Kashyap et 
al., 2020; Kong et al., 2017; Song et al., 2019). 

Additionally, IBPs from cold-acclimated carrots have been expressed in transgenic 
tomatoes, increasing their tolerance to cold temperatures, potentially through the 
stabilization of cell membranes (Rajeev Kumar et al., 2014).  

The addition of IBPs to frozen dough can improve its texture and help maintain bread 
volume due to increased gas production. In addition to that, the use of IBPs or freeze-
tolerant yeasts has been shown to improve dough softness after freezing. IBPs extracted 
from Pichia pastoris GS115, for example, could effectively inhibit gluten deterioration 
upon temperature fluctuations during frozen storage, and AFPs from pig collagen could 
improve the texture and baking characteristics of frozen bread dough. (X. Chen et al., 
2020; Liu, Liang, Wang, et al., 2018; Mangiagalli et al., 2020; Nguyen et al., 2018). 

 IBPs from many different sources have been assessed for their ability to improve the 
shelf-life and quality of ice cream. Positive effects have been noted with fish AFPs, IBPs 
from wheatgrass, cold-acclimated oat and pig collagen. It has been shown that IBPs from 
these organisms improve ice cream's melting stability and inhibit recrystallisation (X. 
Chen et al., 2020; Kaleda et al., 2018; Liu, Liang, Wang, et al., 2018; Mangiagalli et al., 
2020; Regand & Goff, 2006; Zhang et al., 2016).  However, recent research has shown 
that IBPs may aggregate higher-order structures, which induce hardness or roughness, 
which is not favorable in ice cream. Therefore, the addition of any IBP alone may not be 
enough to guarantee an improved frozen dairy product (Kaleda et al., 2018).  

1.4.3 Stability of IBPs in food systems 
The effectiveness of IBPs is closely linked to their structural and physicochemical stability 
under food-relevant conditions. IBP stability can be considered at multiple levels, 
including molecular stability (protein folding), functional stability (ice-binding activity), 
and system-level stability (performance within complex food matrices), all of which are 
influenced by environmental and processing conditions (Baskaran et al., 2021; Ramløv & 
Friis, 2020; S. Xiao et al., 2024). 
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Although IBPs are well-suited to low-temperature environments, their sensitivity to 
elevated temperatures can limit their stability during thermal processing such as 
pasteurization. The thermal stability of IBPs varies widely depending on their structure 
and origin. Reported melting temperatures range from below 20 °C to above 80 °C, 
reflecting significant diversity among AFPs (Chao et al., 1996; Friis et al., 2009; Lin et al., 
2011). Insect AFPs, often rich in disulfide bonds, tend to exhibit higher thermal stability, 
whereas fish AFPs generally show intermediate stability. Some AFPs can refold and regain 
activity after heat exposure, while others lose function irreversibly (Ramløv & Friis, 2020). 

In contrast, IBPs typically exhibit broad pH stability, remaining active across a wide 
range (approximately pH 2–12) (Chao et al., 1994; Delesky et al., 2021; Gauthier et al., 
1998; Kristiansen et al., 2005; Leiter et al., 2016). This is largely due to the ice-binding 
mechanism, which does not rely heavily on charged amino acids and is therefore less 
sensitive to pH changes. However, extreme pH conditions can reduce activity, 
particularly at high pH, where key residues involved in ice binding may be chemically 
modified. This wide pH tolerance is advantageous for application across diverse food 
systems (Delesky et al., 2021; Gauthier et al., 1998; Peramo, 2018; Ramløv & Friis, 2020). 

The stability and functionality of IBPs in food systems are also strongly influenced by 
matrix interactions and environmental factors. In frozen foods, IBPs primarily act by 
inhibiting ice recrystallisation, thereby reducing structural damage during storage and 
freeze–thaw cycles (Eskandari et al., 2020; S. Xiao et al., 2024). However, their 
effectiveness depends on maintaining the integrity of the ice-binding surface, as 
conformational changes can reduce activity. Interactions with other food components, 
including proteins, lipids, and polysaccharides, can affect IBP solubility, distribution, and 
accessibility to ice interfaces, leading to variability in performance (Ramløv & Friis, 2020). 
Additionally, solution properties such as solute concentration influence IBP behavior and 
activity at the ice interface (Chasnitsky & Braslavsky, 2019). 

Despite their potential, several limitations restrict the use of IBPs in food systems. 
Proteins with only ice-binding functionality may not fully prevent freeze-induced 
damage, and effective cryoprotection often requires combined ice-binding and 
stabilizing functions (Zhu et al., 2021). Furthermore, variability in thermal stability, 
sensitivity to processing conditions, and challenges related to large-scale production and 
cost limit their industrial application (Fu et al., 2025). Protein denaturation during 
processing or storage can also reduce long-term effectiveness (Baskaran et al., 2021). 

Future developments are likely to focus on improving IBP stability and functionality 
through protein engineering and formulation strategies. Engineering approaches have 
shown potential to enhance thermal stability, broaden pH tolerance, and improve 
resistance to freeze–thaw cycles (Fu et al., 2025). Additionally, combining IBPs with other 
stabilizing agents offers a promising route to improve performance in complex food 
systems (Zhu et al., 2021). 

1.4.4 Safety of using IBPs in food systems 
The introduction of IBPs into food poses a potential risk as proteins can elicit an allergic 
reaction in individuals sensitive to that protein. Research into IBP consumption from 
natural sources shows that their intake may be substantial in northern and temperate 
regions, mainly through edible plants and fish. It is estimated that short-term exposure 
to IBPs is approximately a few hundred milligrams. In addition to that, based on the 
known history of IBP consumption, it does not impart a toxicologically significant effect 
in the short or long term. However, to introduce these proteins into food products, an 
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analysis of possible allergic reactions is a prerequisite for marketing the food (Bindslev-
Jensen et al., 2003; Venketesh & Dayananda, 2008). 

The sequence of the AFP type III from ocean pout has been compared with known 
allergens as well as assessed for pepsin resistance. It was found that the type III protein, 
or any heptamer peptides produced from it, showed no sequence similarity with known 
allergens. Also, the type III antifreeze protein and type III glycoconjugates were rapidly 
hydrolyzed by pepsin, resulting in fragments with a molecular weight less than 4 kDa. 
Hence, it can be concluded that type III, its glycoconjugates, and pepsin hydrolysis 
products are unlikely to provoke allergic responses in individuals sensitized to known 
allergens or to induce an IgE-mediated response from unsensitized individuals 
(Baderschneider et al., 2002; Venketesh & Dayananda, 2008). 

Similarly, serum screening with IgE and histamine release from basophils from twenty 
fish-allergic individuals concluded that none of the patients exhibited IgE binding or 
histamine release from basophils concerning the type III AFP from cod. From these 
results, it could be concluded that AFPs do not pose an allergic risk to humans. Also, 
through the analysis of fish allergens, which are a health risk, it was established that AFP 
is not among the allergen proteins (Bindslev-Jensen et al., 2003). 

In terms of toxicity, in vivo and in vitro genotoxicity assays have been conducted, 
which included bacterial mutation, chromosome aberration, mammalian cell gene 
mutation and rat bone marrow micronucleus, and a repeat-dose gavage study in rats for 
3 months to evaluate the toxicological properties of an AFP type III. The protein did not 
exhibit genotoxic potential or subchronic toxicity during oral administration in rats (Hall-
Manning et al., 2004). The evaluation of the effect on general health and immunogenicity 
of AFP type III on healthy volunteers who consumed the protein for 8 weeks showed that 
AFPs do not have any effect on general health, nor are they immunogenic (Crevel et al., 
2002; Venketesh & Dayananda, 2008). Therefore, IBPs appear to be non-toxic and 
unlikely to elicit an allergic reaction in most individuals.  
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2 Aims of this dissertation 
The aim of this dissertation is to characterize ice-binding proteins produced by 
Pseudomonas fluorescens AQP671 and evaluate their production under different growth 
conditions, as well as assess their applicability in frozen foods. The specific aims to 
achieve those objectives are: 
 

I. Evaluate the expression and activity of ice-binding proteins produced by 
Pseudomonas fluorescens AQP671 under various temperature conditions. 

II. Assess the effect of nitrogen source modulation on the expression and activity 
of P. fluorescens AQP671 IBPs. 

III. Purify the proteins from the culture media and identify their DNA and amino 
acid sequences. 

IV. Evaluate their applicability in frozen wheat dough to improve its quality and 
shelf life. 

V. Identify potential IBP-producing bacteria on algae from the Baltic Sea. 
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3 Materials and Methods 

3.1 Cultivation of Pseudomonas fluorescens AQP671 

3.1.1 Culture and cultivation conditions 
Pseudomonas fluorescens strain AQP671 was provided by Lallemand Inc. The strain was 
isolated from a Laminaria (brown algae) sample collected at Ganavan Bay, Oban, 
Scotland.  The bacteria were maintained at 30 °C on Lysogeny Broth Agar (LB, Lab M) and 
cultivated at 30 °C in mineral medium (pH 7) containing MgSO₄ (1.5 g/L) and KH₂PO₄ (1.5 
g/L), adding glycerol (20 g/L) as the carbon source and NH₄Cl (3 g/L) as the nitrogen 
source.  

Cultivation was carried out on a shaker (Innova 43 Incubator Shaker Series) at 180 
rpm, followed by growth in a 7 L bioreactor (Biobench, Applikon, The Netherlands). In 
the bioreactor, the pH was controlled at 7.0 using titration with 5 M NaOH and dissolved 
oxygen concentration pO2 > 10% of air saturation by adjusting the aeration rate and 
stirrer speed. The bioreactor was inoculated (1:9, v/v) with the 48-h shake flask-grown 
pre-culture and grown until glycerol was almost depleted. Then, for initiation of IBP 
production, the temperature was decreased to 5 °C, and glycerol (20 g/L) and NH4Cl (3 
g/L) or yeast extract (Lab M, 10 g/L) were added. 

3.1.2 Nitrogen source modulation assessment 
To study the impact of individual amino acids, a portion of the culture was withdrawn 
prior to the temperature shift-down and used to inoculate shake flasks (1:9, v/v) 
containing 20 mL of mineral medium with glycerol (20 g/L) and a single amino acid added 
as the sole nitrogen source. Each flask contained only one of the following amino acids: 
L-alanine, L-arginine, L-asparagine, L-glutamine, L-isoleucine, L-methionine, L-proline, L-
serine, L-threonine, or L-valine, added in a concentration that corresponded to 1 g N/L. 

These results were compared to those obtained using mineral medium supplemented 
with either yeast extract or ammonium chloride as the nitrogen source. The nitrogen 
content of the yeast extract was estimated based on the total amino acid content 
provided by the manufacturer. 

3.1.3 Temperature modulation assessment 
The effect of temperature was assessed in the presence of L-asparagine as the nitrogen 
source. The temperature values of 5, 10, 15, and 20 °C were selected to represent a 
biologically relevant range spanning from cold stress conditions, which are known to 
induce ice-binding protein production, up to moderate temperatures favorable for 
bacterial growth. Samples were collected at 24-hour intervals. 

3.1.4 pH stability assessment 
To evaluate the effect of pH on ice recrystallization inhibition activity, the pH of the 
culture supernatant obtained after 24 h of incubation at 5 °C was adjusted to 2, 4, 6, 8, 
10, and 12, covering the physiological pH range relevant to Pseudomonas fluorescens’ 
natural environment, as well as extreme pH values to assess protein stability and activity 
under stress conditions. 

 



26 

3.2 Ice recrystallization inhibition assessment 
IRI activity was measured using the modified “sucrose sandwich” assay with some 
modifications, as previously described (Kaleda et al., 2018). 25 μl of supernatant of P. 
fluorescens AQP671 culture medium was mixed with a 70% sucrose solution (1:1, v/v 
ratio), and 3 µl of the solution was placed on a glass microscope slide, covered with a 
cover slip, and the edges were sealed with silicone oil. The microscope slide was then 
flash-frozen in liquid nitrogen and placed on a cooling stage (Linkam PE 120, UK) of a 
microscope (Nikon Eclipse E 200, Japan). The temperature for the cooling stage was set 
close to the ice crystal melting point of 35% sucrose solution (T = - 6.8 oC) and set to 
change according to the preset profile (Figure 6).  
 

 
Figure 6: Temperature profile set points of the cooling plate for ice recrystallization inhibition (IRI) 
activity assessment. Images are taken at time points 154 and 354 s, highlighted in green and red 
accordingly. The microscope images shown are for the 35% sucrose solution at -6.8 oC. 

The images of ice crystals were obtained using the Motic Images 3.0 program at the 
end of temperature ramps 4 and 6 (highlighted in green and red, respectively). Images 
were analyzed using the ImageJ image analysis tool, and the ice crystal growth rates were 
calculated using the Ostwald law equation (C. Budke et al., 2009) (eq. 1). 
 

𝑘𝑘 = (𝑟𝑟3 − 𝑟𝑟03)/𝑡𝑡, where   (eq. 1) 
       

k – ice crystal growth rate, µm3/min 
r – average ice crystal radius at the end of temperature ramp 6, µm 
r0 – average ice crystal radius at the end of temperature ramp 4, µm 
t – time, min. 
 
The dilution Dk50% of the sample, resulting in a 2-fold decrease of the maximum crystal 

growth speed k, was utilized to express the ice recrystallization inhibition activity (IRI). 
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The dilution Dk50% was determined by preparing a series of 2-fold dilutions of the sample. 
The first dilution, 1:1 (v/v) of the sample, was made with a 70% sucrose solution, and the 
following 1:1 (v/v) with a 35% sucrose solution to maintain the 35% (m/v) sucrose 
concentration. Dilutions were made until the original sample was diluted up to 128 times 
(Figure 7). 

 

 
Figure 7: Graphical assessment of ice recrystallization inhibition (IRI) activity. Data represents mean 
values with standard deviation error bars (n = 3). The IRI activity is expressed as Dk50%, calculated 
from the quadratic polynomial trend line (blue dotted line). The green marker at 32× dilution 
indicates a plateau in ice crystal growth rates across the dilution series.  

The dilution D at which the ice crystal growth rate k reached half of the maximum 
speed (Dk50%) was calculated by solving the quadratic equation (eq. 2) corresponding to 
the second-order polynomial trendline of the dilution graph as follows: 

 
𝑦𝑦  =  𝑎𝑎𝐷𝐷𝑘𝑘50%2   +  𝑏𝑏𝐷𝐷𝑘𝑘50%  +  𝑐𝑐 

𝑦𝑦  =  50  

𝐷𝐷𝑘𝑘50% = −𝑏𝑏±�𝑏𝑏2−4𝑎𝑎(𝑐𝑐−50)
2𝑎𝑎

  , where   (eq. 2) 
 

a, b, c – quadratic, linear and constant term 
y – ice crystal growth rate relative to the maximum growth rate, % 
Dk50% - dilution at the growth rate corresponding to 50% of the maximum growth rate 
 
This point was defined as the Dk50% inhibition point, corresponding to IRI activity. All 

samples were measured in triplicate. 
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3.3 Purification and identification of P.fluorescens AQP671 ice-binding 
proteins 

3.3.1 Ice affinity purification 
Ice affinity purification was carried out using the ice-shell method as previously described 
(Marshall et al., 2016). A 500 mL round-bottom flask was filled with 100 mL of distilled 
water and placed into a cooling bath containing 95% ethanol and dry ice (T = -80 °C). The 
flask was manually rotated for 1 minute until 20-25 mL of water was incorporated into 
the ice shell. The excess water was then removed, and the volume was measured. The 
ice shell was placed back into the cooling bath to fully freeze and form cracks in the shell. 

The flask was attached to a rotary device and submerged in a cooling bath containing 
water, crushed ice and NaCl (T = -1.5 °C to -2.0 °C). The cooled IBP sample (250 mL) was 
slowly added to the flask, and the cooling bath was covered with an insulating material. 
The sample was rotated in the cooling bath for 1–2 h until about half of it was 
incorporated into the ice shell. The liquid fraction was removed, the shell rinsed with 
cooled phosphate buffer (0.5 M), and the ice shell melted and its volume measured. 
     The ice affinity purification was repeated for the ice shell two additional times, 
resulting in three ice fractions (IAP1, IAP2 and IAP3) and three liquid fractions (L1, L2, and 
L3). All fractions were analyzed for their ice recrystallization inhibition activity as 
described above and total protein content using Pierce™ Modified Lowry Protein Assay 
Kit (Thermo Fisher Scientific). 

3.3.2 Ultrafiltration according to size 
The ice affinity purification fraction with the highest specific activity according to protein 
concentration (IAP3) was further sequentially fractionated using ultrafiltration 
(Millipore, MWCO 100 kDa, 50 kDa, 30 kDa and 10 kDa). To improve protein filtration 
efficiency, samples were pretreated with detergents (Triton X-100 or Chaps) to reduce 
aggregation. 
     The samples were first passed through a 100 kDa cut-off filter, and the filtrate was 
collected and subsequently filtered through a 50 kDa unit. This stepwise filtration process 
was repeated with 30 kDa and finally 10 kDa filters, ensuring that each filtrate was 
sequentially processed through the next lower molecular weight cut-off filter. Retentates 
from each filtration step and the filtrate from the final filtration step were collected 
separately for ice-recrystallization inhibition assessment. Protein content at each 
filtration step was measured spectrophotometrically at 280 nm and using the Pierce™ 
Modified Lowry Protein Assay Kit (Thermo Fisher Scientific). 

3.3.3 Protein identification via Mass-Spectrometry 
Samples containing the highest IRI activity were sent to The Proteomics Core Facility of 
the University of Tartu for protein identification via LC-MS/MS. The sample was trypsin-
digested, and the data were analyzed with MaxQuant (Cox et al., 2014), both de novo 
peptides and those matched against the protein database of AQP671 were used in 
downstream analysis. The resulting protein list was screened using BLAST non-redundant 
and Conserved Domain databases to determine their similarities to known ice-binding 
proteins. 
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3.3.4 Cloning and expression in E. coli 
Genes encoding selected proteins were amplified by PCR using gene-specific primers 
with restriction sites (NdeI, BamHI) for cloning into the pET-15b vector, incorporating an 
N-terminal His6-tag for purification and ampicillin resistance for selection. The PCR 
products were ligated into the vector, and the recombinant plasmids were then 
transformed into chemically competent E. coli (DH5-alpha) cells by heat shock. Plasmids 
were purified and verified by sequencing. For protein expression, BL21RP+ cells were 
transformed and cultured in LB medium supplemented with 100 μg/mL ampicillin and 
1% glucose at 37 °C until OD reached ≈ 0.6. For protein expression, IPTG (1 mM) was 
added, and cultures were incubated at 20 oC overnight. 

3.3.5 Purification of recombinant proteins 
After protein expression, E. coli cells were harvested by centrifugation at 4500 x g for 10 
min. A total of 2-3 g of cell pellet was resuspended in 10 mL of the lysis buffer (50 mM 
NaH2PO4, 300 mM NaCl and 10 mM imidazole, pH 8) and flash frozen. The cells were then 
thawed and sonicated on ice in 10-second intervals with 10-15-second breaks, for a total 
of 9 cycles. The lysate was divided into 2 mL aliquots and centrifuged (14,000 rpm, 25 
min) to remove cell debris. 

The supernatant was loaded onto a Ni-NTA affinity column pre-equilibrated with the 
lysis buffer. The column was washed with the buffer (50 mM NaH2PO4, 300 mM NaCl) 
containing 20 mM imidazole to remove non-specifically bound proteins, and the His-tag 
protein was eluted using the buffer containing 250 mM imidazole. Eluted fractions were 
analyzed by SDS-PAGE to confirm purity and assessed for IRI activity and total protein 
content using the Pierce™ Modified Lowry Protein Assay Kit (Thermo Fisher Scientific). 
Results were compared to a negative control, which was the recombinant turnip mosaic 
virus (TuMV) NIb protein. 

3.4 Thermal stability evaluation 
To evaluate the thermal stability of the ice-binding proteins, samples were incubated at 
temperatures between 20 and 95 °C in 15 °C intervals for 15 min. After heat exposure, 
the samples were rapidly cooled on ice and then assessed for IRI activity by measuring 
ice crystal growth rates as previously described. Protein concentrations were selected to 
approximate the concentration associated with 50% IRI activity for each protein, 
enabling sensitive detection of temperature-dependent changes in activity. The results 
were compared with those obtained for recombinant type II fish antifreeze protein from 
sea raven (SRAFP), supplied by Lallemand Inc. 

3.5 Assessment of the cryo-protective effect of P. fluorescens AQP 671 
IBPs on frozen dough 

3.5.1 Bread dough recipe  
Wholegrain wheat flour (Tartu Mill, lot 137060), sugar (Extra Line), dry yeast (Kitchen 
Mood), salt (Santa Maria), canola oil (Olivia) and milk (Alma, 2.5% fat) were purchased 
from local grocery stores in Tallinn, Estonia. All reagents used were of analytical grade. 

Pseudomonas fluorescens strain AQP671 was cultivated at 30 oC in shaker flasks on 
media containing 20 g/L glycerol and 10 g/L yeast extract for 48 h. The cells were 
removed, and the supernatant was collected by centrifugation at 1968 g for 20 min at 10 
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°C. Cells were resuspended in fresh original media for an additional 72 h at 10 oC to 
promote IBP production. The culture was centrifuged as above, and the supernatant was 
stored at -20 oC. Negative control and IBP solution were both assessed for ice 
recrystallization inhibition activity, and the total protein concentration was measured 
using Pierce™ Modified Lowry Protein Assay Kit (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. 

3.5.2 Dough and bread preparation 
The recipe for the dough, according to 1 kg of wholegrain wheat flour, contained 400 g 
of milk, 400 g of IBP solution or negative control, 130 g of sugar, 50 g of oil, 17 g of salt 
and 17 g of dry yeast. The ingredients were incorporated using a KitchenAid Heavy Duty 
5KPM5 (Whirlpool Corporation, USA) mixer at speed 1 (60 rpm) for 2 minutes and at 
speed 2 (90 rpm) for 3 minutes. The dough was divided into 80 g portions, wrapped in 
low-density polyethene film and flash frozen at -18 oC for 4 h using a Foster Surf 
Navigation freezer. The dough was thawed immediately after freezing and further 
thawed at 2-week intervals at 4 oC overnight (15 h). During storage, the dough was kept 
at -18 oC. 

The negative control contained the uninduced supernatant of P. fluorescens AQP671, 
and the samples enhanced with ice-binding proteins contained the cold-induced 
supernatant of P. fluorescens AQP671. The final concentrations of the cold-induced P. 
fluorescens supernatant in the dough were 1.25%, 2.5%, 5%, 10% and 20% (indicated as 
IBP-1.25%, IBP-2.5%, IBP-5%, IBP-10% and IBP-20%). The equivalent total added protein 
concentration in the doughs was 0.02 mg/mL, 0.04 mg/mL, 0.09 mg/mL, 0.18 mg/mL and 
0.36 mg/mL as measured using the Pierce™ Modified Lowry Protein Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. 

Once thawed, the dough was held at 32 oC, 80% RH using the Metos System Rational 
HCPC oven for 45 min to rise and then baked at 200 oC, 50% RH for 15 min. 

3.5.3 Dough analysis 

3.5.3.1 Yeast survival 
The yeast survival rates were determined as previously reported (Zhao et al., 2022). 
Thawed dough (20 g) was suspended in distilled water (180 mL) and mixed for 30 min 
using a magnetic stirrer and then allowed to settle for 15 min. The solution was mixed 
with methylene blue dye (1:9, v/v) and incubated at room temperature for 10 min. The 
yeast cells were counted under a microscope (Nikon Eclipse E 200), using the Brüker 
chamber. All samples were measured in three replications. 

3.5.3.2 Rising properties 
The dough portions were placed in pre-greased baking moulds, flattened, and the height 
of the dough was measured (0.1 cm accuracy). The same measurement was recorded 
after rising to assess the rising properties of the dough. All measurements were done in 
8 replications, and results were calculated as a percentage of the initial height. 

3.5.3.3 Dough texture profile analysis 
The dough and bread texture profile was determined using the TA-XT2i Stable Micro 
Systems texture profile analyzer, and results were analyzed with the Texture Expert 
Exceed program. The parameters for the analysis were chosen according to the literature 
(Rodríguez-Sandoval et al., 2008; Sharadanant & Khan, 2003a). 
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For the dough analysis, a cylindrical P25 probe (d = 25 mm) was used. The thawed 
dough was shaped into a 10 x 10 mm cylinder, placed onto the platform, compressed to 
30% of its initial height, held for 10 seconds and compressed again. The speed was set to 
1 mm/s. 

Seven textural parameters were determined (hardness, elasticity, springiness, 
adhesiveness, cohesiveness, chewiness and gumminess) in 5 replications. 

3.5.3.4 Starch microscopy 
The size of the starch granules in the dough was analyzed as previously described (Yang 
et al., 2019) with slight modification. The starch slurry was dried as a thin layer on a 
microscope slide at 35 °C until the weight of the sample was constant. The sample was 
observed under a microscope (Nikon Eclipse E 200, Japan) at 100x and 400x 
magnification and the size of the starch granules was measured using the ImageJ image 
analysis tool. Approximately 300-500 starch granules were measured for each sample. 

3.5.3.5 IRI activity in the dough 
To assess the residual IRI activity in the dough, the dough was repeatedly washed with 
50 mM phosphate buffer. The final ratio of dough to buffer was 1:2, w/w. The samples 
were then analyzed as previously described. 

3.5.4 Bread analysis 

3.5.4.1 Specific volume 
The specific volume was assessed as described in the literature (Sharadanant & Khan, 
2003b). After baking, the bread was allowed to cool down (1.5 h) and then weighed. The 
volume of the loaves was measured using silica gel granules (d = 0.5 cm). A 1 L beaker 
was filled to the line with the granules. Approximately ¾ of the granules were removed, 
the bread was placed into the beaker and filled again to the line with the granules. The 
unused granules representing the volume of the bread were measured using a graduated 
cylinder (2.5 cm³ accuracy). Specific volume was calculated as cm3/g, and measurements 
were done in 5 replications. 

3.5.4.2 Bread texture profile analysis 
The bread texture profile was determined using the TA-XT2i Stable Micro Systems 
texture profile analyzer, and results were analyzed with the Texture Expert Exceed 
program. The parameters for the analysis were chosen according to the literature 
(Sharadanant & Khan, 2003b). For the bread analysis, a cylindrical P36R probe (d = 36 
mm) was used. A 25 mm slice of bread was cut from the cooled loaf, deformed to 40% 
of its initial height, held for 5 s and deformed again. The test speed was 1 mm/s. 

Seven textural parameters were determined (hardness, elasticity, springiness, 
adhesiveness, cohesiveness, chewiness and gumminess) in 5 replications. 

3.5.4.3 Sensory evaluation 
Sensory evaluation of the bread samples was performed on the day of baking by a panel 
of 5–7 trained assessors. The breads were sliced into 1.5 cm pieces and evaluated against 
a commercially available wholegrain wheat bread (Täisterasepik, Eesti Pagar) used as the 
reference sample. Attributes related to appearance (color, porosity), texture (elasticity, 
crumbliness, moisture, softness, adhesiveness), aroma (intensity, sourness, yeast notes), 
and taste (intensity, sourness, saltiness, bitterness) were scored on a 0–10 scale relative 
to the predefined characteristics of the reference bread. 
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3.6 Statistical analysis 
The statistical analysis of IRI activity and starch microscopy images was carried out using 
the ImageJ image analysis tool as well as Microsoft Excel. The data from the cultivation 
experiments were analyzed using Microsoft Excel (ANOVA, two-tailed paired t-test and 
Pearson’s Correlation Coefficient). Results are presented with 95% confidence intervals. 
A p-value < 0.05 was considered statistically significant.  

The data from the dough and bread experiments were analyzed using analysis of 
variance (ANOVA) with Tukey's Honest Significant Difference (HSD) test. The analysis was 
performed using Microsoft Excel’s Data Analysis Toolpak, and a significance level of p < 
0.05 was adopted, with calculations conducted using the ASTATSA program. 

3.7 Identification of potential IBPs in Baltic Seaweed samples 
DNA was extracted from approximately 5 g of frozen seaweed using a modified CTAB 
(cetyltrimethylammonium bromide) protocol. Seaweed samples were homogenized in 
saline solution with glass beads, and bacterial cells were concentrated through multiple 
centrifugation steps. The bacterial pellet was then lysed using pre-warmed CTAB buffer 
and mechanical disruption with glass beads, followed by incubation at 65°C. 
    DNA was purified by extraction with chloroform:isoamyl alcohol (24:1), and the 
aqueous phase containing DNA was recovered. DNA was precipitated using sodium 
acetate and cold isopropanol, incubated overnight at −20°C, and collected by 
centrifugation. The pellet was washed with 70% ethanol, air-dried, and resuspended in 
30 μL of sterile water. 
    DNA concentration was quantified using a Qubit BR kit. The bacterial 16S rRNA gene 
V4 region was amplified using primers 515F and 806R and sequenced on an Illumina iSeq 
100 platform using paired-end 2 × 150 bp reads according to the manufacturer's 
instructions. The BION-meta program was used for the microbiome data analysis. 
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4 Results and discussion 
This dissertation is being defended on the basis of three publications and a manuscript, 
the results of which are summarized below. 

4.1 Expression of IRI activity in Pseudomonas fluorescens AQP671 
culture 
IBPs are generally produced as a protective mechanism against freezing temperatures. 
Therefore, ice recrystallization inhibition (IRI) activity of P. fluorescens AQP671 was 
evaluated during cultivation on mineral media at 25 °C and after a temperature shift to 
5 °C. Additionally, either yeast extract or NH₄Cl was used as a nitrogen source to assess 
the activity of potential IBPs in the presence of organic and inorganic nitrogen and at 
different temperature points (Publication III).  
    As shown in Figure 8, no IRI activity was detected during growth at 25 °C or following 
the shift to 5 °C when glycerol and NH₄Cl were used. In contrast, replacing NH₄Cl with 
yeast extract in the culture medium led to a rapid increase in IRI activity. Notably, this 
activity continued to rise throughout the 140-hour incubation period, reaching a dilution 
(Dk50%) of 40 even after the culture had entered the stationary phase. Although this 
behavior has not previously been reported for ice-binding proteins (IBPs), similar 
patterns have been observed for other cold-inducible proteins. For example, cold-shock 
proteins in Bacillus subtilis and Caulobacter crescentus are known to be upregulated 
during the stationary phase (Graumann & Marahiel, 1999; Santos et al., 2015). The 
results of these cultivation experiments also highlight that a temperature shift-down is 
required for detectable IRI activity, indicating that it is an adaptation to cold. 
 

 
Figure 8: Comparison of two experiments assessing the growth and ice recrystallization inhibition 
(IRI) activity of Pseudomonas fluorescens AQP671 cultivated with different nitrogen sources 
following a temperature shift-down to 5 °C. In Experiment 1, ammonium chloride (NH₄Cl) was used 
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as the nitrogen source throughout cultivation (biomass (X): green line; IRI activity: blue line). In 
Experiment 2, yeast extract was added as the nitrogen source after the temperature shift-down 
(biomass (X): green line; IRI activity: blue line). The bioreactor temperature set point is shown by 
the red line. 

    Once the culture reached a biomass concentration of 10 gDW/L in the bioreactor, an 
aliquot of P. fluorescens AQP671 was transferred into flasks containing pre-cooled (5 °C) 
base medium supplemented with individual organic nitrogen sources: L-alanine (A), L-
arginine (R), L-asparagine (N), L-glutamine (Q), L-isoleucine (I), L-methionine (M), L-
proline (P), L-serine (S), L-threonine (T), or L-valine (V) to understand the effects of 
individual amino acids on IRI activity. Yeast extract (YE) served as a positive control, and 
NH4Cl as a negative control. The cultures were then incubated at 5 °C with shaking (180 
rpm) for 168 h. 

Although each amino acid supplied an equivalent nitrogen concentration (1 g N/L), the 
highest biomass (5 gDW/L) was observed in the yeast extract medium, likely due to its 
more balanced nutrient profile (Tao et al., 2023). In comparison, cultures grown on single 
amino acids produced significantly lower biomass, ranging from 0.7 gDW/L with L-
threonine to 1.5 gDW/L with L-alanine. 

The effects of different nitrogen sources on IRI activity and total extracellular protein 
production after 168 h at 5 °C are shown in Figure 9. 

 

 
Figure 9: The effect of nitrogen source (L-asparagine (N), yeast extract (YE), L-proline (P), L-valine 
(V), L-isoleucine (I), L-arginine (R), L-glutamine (Q), L-serine (S), L-alanine (A), L-threonine (T), L-
methionine (M)  on P. fluorescens AQP671 IRI activity (green bars) after 48 h incubation at 5 oC. 
Blue bars - the biomass concentration (OD 600 nm) at 48 h, orange bars - total protein 
concentration in the culture media at 168 h of incubation, yellow boxes - pH of the culture media 
after 168 h of incubation. Data represent mean values with standard deviation error bars (n = 3). 
The full data for each time point can be found in the supporting materials, Table S1. * As a 
comparison, NH4Cl results correspond to the results from the experiment in the bioreactor at 71 h, 
shown in Figure 3. N.D – no activity detected. 
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L-asparagine resulted in the highest IRI activity (Dk50%) in the culture supernatant, 
followed by yeast extract, L-proline, and L-valine, whereas the other amino acids 
produced comparatively lower activity. When expressed relative to total protein 
concentration, L-asparagine showed substantially greater specific IRI activity than all 
other nitrogen sources evaluated. 

The time course of IRI activity is presented in Figure 10. Across all nitrogen sources, 
IRI activity increased rapidly during the first 24 h after the temperature shift. 

 

Figure 10: The change in ice recrystallization inhibition activity in Pseudomonas fluorescens AQP671 
culture supplemented with different nitrogen sources during incubation at 5 °C on a shaker, 180 
rpm. Solid lines – high activity group: L-proline (P), L-valine (V), L-asparagine (N) and yeast extract 
(YE), dashed lines – low activity group: L-isoleucine (I), L-alanine (A), L-arginine (R) and L-methionine 
(M), L-threonine (T), L-glutamine (Q), L-serine (S). Data represent mean values (n = 3).   

Based on the observed IRI activity, the tested nitrogen sources could be classified into 
two groups. The high-activity group, comprising L-asparagine, yeast extract, L-proline, 
and L-valine, displayed a continuous linear increase in IRI activity throughout the 
experiment (R² > 0.9), even after biomass formation had stopped. In contrast, the 
moderate- to low-activity group, including L-isoleucine, L-alanine, L-arginine, L-
methionine, L-threonine, L-glutamine, and L-serine, showed a slower rise in IRI activity 
that plateaued with growth, reaching Dk₅₀% values between 2 and 3. 

For most nitrogen sources, IRI activity exhibited a strong positive correlation with cell 
density (Pearson correlation coefficient, PCC > 0.9). However, weaker correlations were 
observed for L-asparagine (PCC = 0.87), L-glutamine (PCC = 0.83), and L-threonine (PCC = 
0.64). No detectable IRI activity was found when NH₄Cl served as the sole nitrogen 
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source, indicating that organic nitrogen is necessary for IBP induction. Nevertheless, due 
to the unknown specific activity of IBPs, it was not possible to directly relate protein 
concentration to IRI activity. 

Similar enhancement of antifreeze activity has been reported in P. fluorescens KUAF-
68, where supplementing L-asparagine (0.025%w/v N) nearly doubled thermal hysteresis 
activity (Kawahara et al., 2004). While the mechanisms underlying amino-acid-specific IRI 
enhancement remain unclear, Pseudomonas species possess enzymes such as L-
asparaginase that facilitate nitrogen assimilation specifically from L-asparagine (De Groot 
& Lichtenstein, 1960; Sindhu & Manonmani, 2018). Furthermore, amino acid assimilation 
engages distinct metabolic pathways compared to inorganic nitrogen, potentially 
triggering specific gene regulation required for IBP production (Brown et al., 1973; 
Hervás et al., 2009). 

To evaluate the effect of temperature on IRI activity, bioreactor-derived precultures 
were incubated for 96 h at 5, 10, 15, and 20 °C in medium supplemented with L-
asparagine as the nitrogen source. IRI activity in the culture supernatant was detected at 
temperatures of 15 °C and below (Figure 11).  

 

Figure 11: Total protein concentration normalized to cell density (gray), biomass concentration at 
24 h (blue), IRI activity normalized to biomass concentration (orange), and IRI activity normalized 
to total protein concentration in the culture media of P. fluorescens AQP671 after incubation for 24 
h at 5, 10, 15 and 20 °C. Data represent mean values with standard deviation error bars (n = 3). N 
– not detected. 

The results indicate that both total protein content and IRI activity, when normalized 
to cell density, increased with decreasing cultivation temperature. However, in 
agreement with previous observations using other amino acids, no clear correlation was 
found between total extracellular protein concentration and IRI activity, suggesting that 
the proteins responsible for IRI constitute only a minor fraction of the secreted proteins. 
This is consistent with earlier reports demonstrating that IRI activity can be detected at 
nano- to micromolar concentrations of IBPs (Ramløv & Friis, 2020; Vance et al., 2019). 
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Although biomass concentrations declined at lower temperatures, both total protein 
production and IRI activity per unit biomass increased. In contrast, IRI activity normalized 
to protein concentration remained relatively stable. 

At 5–10 °C, IRI activity increased linearly over the course of the incubation. No 
significant differences in activity were observed among 5, 10, and 15 °C during the first 
72 h (p > 0.05); however, after 96 h, activity was significantly higher at 10 °C and lowest 
at 15 °C. 

Overall, the temperature range for IBP induction in P. fluorescens AQP671 was 
comparable to previously reported values for bacterial IBPs, including P. fluorescens 
KUAF-68 (5 °C), Pseudomonas putida GR12-2 (10 °C), and Moraxella sp. (10 °C) 
(Kawahara et al., 2004). 

4.2 The effect of pH on ice recrystallization inhibition activity of P. 
fluorescens AQP671 supernatant  
The influence of pH on IRI activity was assessed by cultivating bioreactor-derived 
precultures at 5 °C in flasks supplemented with 1 g N/L L-asparagine until a biomass 
concentration of 1 gDW/L was attained. The culture supernatant was subsequently 
adjusted to pH values of 2, 4, 6, 8, 10, and 12 and immediately analyzed for ice-binding 
protein activity. As illustrated in Figure 12, the highest IRI activity was observed at pH 6, 
whereas it decreased sharply under acidic conditions (pH 2 and 4) and more moderately 
under alkaline conditions (pH 10 and 12). 

Figure 12: Ice recrystallization inhibition activity in P. fluorescens AQP671 culture supernatant. Data 
represent mean values with standard deviation error bars (n = 3) (left). Microscopic images of the 
ice crystals in the culture supernatant (2x diluted) at different pH values. The scale vars are 50 μm 
(right).  

These findings partially contrast with earlier studies reporting that antifreeze proteins 
(AFPs) from fish and insects, which exhibit both thermal hysteresis and IRI activity, show 
minimal or no dependence on pH (Chao et al., 1994; Kristiansen et al., 2005; Leiter et al., 
2016; Li et al., 1998). However, type III AFPs and ice-binding proteins (IBPs) from spruce 
budworm have been shown to display a slight reduction in activity under acidic 
conditions, consistent with the behavior observed in the present study (Gauthier et al., 
1998). This reduction has been linked to alterations in the secondary structure 
tendencies of protonated residues, potentially decreasing the number of nearby water 
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molecules and disturbing the solvation structure at the ice-binding and basal surfaces 
(Gauthier et al., 1998; Peramo, 2018). 

Among characterized IBPs, those derived from Marinomonas primoryensis (MpIBPs) 
exhibit a pH stability profile most comparable to that of P. fluorescens AQP671. MpIBPs 
lose ice-binding capability at pH ≤ 4 and ≥ 13, whereas within the pH range of 6–12, they 
reduce ice crystal grain size, and between pH 6 and 10, they additionally demonstrate 
dynamic ice shaping (Delesky et al., 2021). Together, these observations suggest that pH 
sensitivity in IBPs is not a universal feature but is instead dependent on species and 
protein structure. 

4.3 Purification of IBPs 
The purification, identification and verification of IBPs is shown in manuscript IV. Ice-
affinity purification was used to isolate ice-binding proteins from Pseudomonas 
fluorescens AQP671. The efficiency of the purification process was assessed by 
determining IRI activity normalized to protein concentration. As illustrated in Figure 13, 
specific activity increased with each successive purification step, and 50% inhibition of 
ice recrystallization was achieved at progressively lower protein concentrations, 
indicating effective enrichment of IBPs. 

Nevertheless, measurable IRI activity persisted in the liquid fractions, suggesting 
incomplete recovery of IBPs, potentially due to weak ice-binding interactions or the 
presence of non-protein components in the aqueous phase that also contribute to ice 
recrystallization inhibition. 
 

 
Figure 13: Specific activity of ice recrystallization inhibition in ice and liquid fractions of three 
consecutive purifications (left) of Pseudomonas fluorescens AQP671 culture media. Dilution curves 
relating the total protein content and ice recrystallization inhibition activity in each corresponding 
purified ice fraction (right). 

The total protein yield of the final ice-affinity purification fraction (IAP3) was ≈ 1.5% 
of the initial sample, indicating effective removal of most non-IBP active contaminants, 
as confirmed by SDS-PAGE analysis. Most protein bands remained in the liquid fractions, 
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while the ice fraction primarily contained protein bands with the molecular weights of 
approximately 30 kDa and 150 kDa. 

These findings do not align with the results observed in the study by Kawahara et. al 
(2004), describing two IBPs with molecular masses approximately 80 kDa and over 600 
kDa. The discrepancies in SDS-PAGE profiles could be attributed to strain variability, 
differences in protein purification methods, variations in protein oligomerization, or 
degradation. It is also possible that the protein bands observed on SDS-PAGE represent 
contaminants, while the ice-binding proteins in the solution exist at concentrations too 
low to be detected. To further identify the proteins responsible for ice recrystallization 
inhibition activity, additional purification steps were performed. 

The final ice fraction obtained from ice-affinity purification (IAP3) was subjected to 
sequential filtration using membranes with defined molecular weight cut-offs to 
estimate the size range of the ice-binding proteins and reduce contaminants. Filtration 
was first carried out without pretreatment, followed by additional steps in the presence 
of detergents such as Triton X and CHAPS. The resulting fractions, along with their 
corresponding ice crystal growth rates and total protein concentrations, are summarized 
in Table 1. 

Table 1: Ice crystal growth rates and total protein concentration after filtration of sample IAP3 with 
and without pretreatment with detergents. Fractions exhibiting ice recrystallization inhibition are 
highlighted. N.D – not detected. 

 
Molecular 
weight (Mw) 

IAP 3 IAP 3 + Triton X IAP 3 + CHAPS 
Kd,  
μm3/min 

Cprot, 
μg/ml 

Kd,  
μm3/min 

Cprot, 
μg/ml 

Kd, 
μm3/min 

Cprot, 
μg/ml 

> 100 kDa 0.49 0.277 1.05 0.073 1.20 0.038 
50 – 100 kDa 3.99 0.005 0.51 0.010 0.97 0.030 
30 – 50 kDa 4.55 0.003 3.45 0.015 0.45 0.043 
10 – 30 kDa 5.21 N.D 3.79 N.D 0.66 0.031 
< 10 kDa 5.07 N.D 5.60 N.D 4.79 N.D 

 
In the untreated IAP3 sample, IRI activity was detected exclusively in the fraction 

containing proteins larger than 100 kDa, suggesting possible protein aggregation or 
association with membrane components. Pretreatment with Triton X enhanced filtration 
performance, resulting in a shift of peak activity to the 50–100 kDa fraction. In contrast, 
the addition of CHAPS led to a broader distribution of ice-binding proteins across all size 
fractions, except for those below 10 kDa. 

The differences between Triton X- and CHAPS-treated samples are likely explained by 
their respective micelle sizes. Triton X forms relatively large micelles (~80 kDa), which 
restrict passage through smaller molecular weight cut-off filters, whereas CHAPS forms 
smaller micelles (~10 kDa), facilitating greater protein mobility during filtration (Herrera 
et al., 2014; Yedgar et al., 1974).  

Based on their high IRI activity relative to protein concentration, two fractions were 
selected for mass spectrometry analysis: the 50–100 kDa fraction from IAP3 treated with 
Triton X (IAP+T50–100) and the 30–50 kDa fraction from IAP3 treated with CHAPS 
(IAP+C30–50). 

Two samples, the 50 -100 kDa fraction from IAP3 + Triton X (IAP+T50-100) and the 30 
– 50 kDa fraction from IAP3 + CHAPS (IAP+C30-50), were selected for mass spectrometry 
analysis based on their high activity relative to protein content. 
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4.4 Protein identification via mass spectrometry 
Mass spectrometry analysis was performed on the selected fractions (IAP+T50-100 and 
IAP+C30-50) to identify the proteins potentially responsible for ice recrystallization 
inhibition activity. The analysis revealed a diverse set of proteins, which were screened 
using BLAST and Conserved Domain search to identify any proteins that had similarities 
with proteins or motifs that have been previously described as having IRI activity.  

Two proteins of interest were selected from the results. First, a giant adhesin from the 
LapA family with a molecular weight of 605.83 kDa (PfAdh), which showed similarity to 
ice-binding adhesins from Marinomonas primoryensis and Marinomonas arctica 
(BSI20414). Both adhesins have the repeats-in-toxin (RTX) motif (GGXGXDX(L/I/F)X) 
associated with the ice-binding site of these IBPs (Garnham et al., 2008; Guo et al., 2017; 
Liao et al., 2021). The second protein of interest also exhibited the RTX motif but had a 
smaller molecular weight (49.34 kDa) and was characterized as a metallopeptidase 
(PfMp). 

Interestingly, the domain of unknown function 3494, often found in bacterial IBPs, 
was not identified in any of the proteins present in IAP+T50-100 and IAP+C30-50. 

4.5 Cloning, expression and purification 
To validate the identified IBP candidates, both proteins were cloned, expressed, and 
purified. PfMp was produced as a full-length construct, whereas PfAdh was expressed as 
a truncated variant (30.33 kDa) containing the domain presumed to confer IBP activity. 
Successful gene insertion was confirmed by sequencing prior to expression, and protein 
solubility was verified using SDS-PAGE analysis. 

During purification using a Ni-NTA affinity column, eight elution fractions (E1–E8) were 
collected for each protein. The corresponding ice crystal growth rates and total protein 
concentrations are summarized in Table 2. For both PfAdh and PfMp, the majority of the 
protein eluted in the first fraction (E1), which also exhibited the highest ice 
recrystallization inhibition activity.  
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Table 2: Ice crystal growth rates and total protein concentrations of elution fractions from the Ni-
NTA affinity column of Adhesin (PfAdh) and Metallopeptidase (PfMp), E0 shows the result for the 
column wash fraction. 

 PfAdh PfMp 
Kd, μm3/min Cprot, μg/mL Kd, μm3/min Cprot, μg/mL 

E0 5.94 ± 1.44  5.87 ± 1.09  
E1 1.10 ± 0.59 239.7 ± 15.5 0.69 ± 0.22 217.7 ± 11.9 
E2 2.37 ± 1.09 99.0 ± 9.6 1.39 ± 0.23 102.7 ± 4.2 
E3 2.53 ± 1.06 92.3 ± 5.5 2.01 ± 0.90 79.3 ± 7.1 
E4 2.45 ± 0.45 93.0 ± 5.6 4.98 ± 1.03 66.7 ± 1.5 
E5 4.32 ± 2.02 91.0 ± 7.0 5.89 ± 1.55 67.0 ± 2.0 
E6 5.92 ± 0.64 75.7 ± 11.5 6.00 ± 1.45 65.0 ± 4.0 
E7 5.49 ± 1.60 67.7 ± 12.1 5.96 ± 0.60 64.0 ± 4.4 
E8 5.99 ± 1.48 63 ± 10.4 5.98 ± 1.57 62.7 ± 2.1 

  
The highest activity fractions, PfAdh E1 and PfMp E1, were further evaluated by 

creating a row of dilutions and establishing the point at which half of the activity is 
present (DKd50%). The resulting dilution curves and their comparison with the original IAP 
3 sample, as well as a negative control exhibiting no ice recrystallization inhibition, can 
be seen in Figure 14. 

 
 Figure 14: ice recrystallization inhibition assessment of the adhesin (PfAdh) and metallopeptidase 
(PfMp) proteins compared to the third ice fraction from ice affinity purification (IAP3) and the 
negative control (TuMV Nib) in relation to protein concentration. 
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According to the dilution curves, the concentrations correlating to the CKd50% values of 
the proteins of interest were 0.05 mg/mL and 0.02 mg/mL for PfAdh and PfMp, 
respectively. IBPs exhibiting IRI activity can be classified based on their inhibitory 
concentrations (Ci, molar concentration causing 50% of ice recrystallization inhibition) as 
very effective (Ci < 10-1 μmol/L), effective (10-1 < Ci < 103 μmol/L) or ineffective (Ci > 103 
μmol/L) (Carsten Budke et al., 2014; Vance et al., 2019). Thus, the IBPs produced by P. 
fluorescens AQP671 can be described as either effective (CiPfAdh = 2 μmol/L, CiPfMp = 
0.4 μmol/L).  

The activities of both individual proteins remained lower than that of the original IAP3 
sample, which could indicate reduced ice recrystallization inhibition of recombinant 
proteins, the presence of an additional ice-binding protein, or other synergistic 
compounds in the IAP3 sample that increase the activity of the proteins of interest. 

4.6 Thermal stability of proteins 
The thermal stability of the ice-binding proteins was evaluated to verify whether PfAdh 
and PfMp were the primary contributors to IRI activity. This was done by measuring IRI 
activity following incubation at temperatures ranging from 20 to 95 °C (Figure 15). 
 

 
Figure 15: Ice crystal growth rates (Kd) of the Ice-binding proteins at different temperatures in the 
ice affinity purification fraction (IAP3), the two purified proteins from Pseudomonas fluorescens 
AQP671 (PfAdh - adhesin, PfMp - metallopeptidase) compared with the antifreeze proteins from 
Sea Raven (sRAFP) 

The ice-affinity purification fraction (IAP3), metallopeptidase (PfMp), and adhesin 
(PfAdh) samples retained IRI activity after incubation at temperatures up to 50 °C, with 
no significant changes in ice crystal growth rates observed. At higher temperatures, a 
reduction in activity became evident, with a pronounced increase in ice crystal growth 
rates following incubation at ≥ 65 °C, indicating thermal denaturation of the proteins 
under these conditions. In contrast, the sea raven antifreeze protein exhibited reduced 
IRI activity at 35 °C and a complete loss of activity at 50 °C. 
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These results further support the conclusion that PfMp and PfAdh are the primary 
contributors to the observed IRI activity in P. fluorescens AQP671, as proteins with 
distinct structural characteristics are expected to display different temperature-
dependent activity profiles. Similar variability in thermal stability has previously been 
reported among ice-binding proteins, with denaturation temperatures strongly 
influenced by protein structure. For example, fish IBPs generally exhibit moderate 
thermal stability, with melting temperatures ranging from 40–50 °C, whereas insect AFPs 
often display substantially greater thermostability. Notably, the AFP from Microdera 
punctipennis retained activity even after exposure to 100 °C (Friis et al., 2009). However, 
not all IBPs are heat-tolerant; rapid loss of activity has been reported for Campaea 
perlata AFPs at 22 °C and for a natural fish type I antifreeze variant at 18 °C (Chao et al., 
1996; Lin et al., 2011). 

4.7 Cryo-protective effects of P. fluorescens AQP671 IBPs on frozen 
dough 
Unbaked dough is particularly susceptible to freezing damage due to its high water 
content. During freezing, the formation and growth of ice crystals can damage yeast cells, 
disrupt gluten networks, and alter the morphology of starch granules, ultimately 
reducing dough quality. Therefore, the use of IBPs as cryoprotective agents shows strong 
potential for improving the stability and quality of frozen dough. The effect of P. 
fluorescens IBPs on frozen dough is shown in Publication II. 

4.7.1 Analysis of the dough 
IRI activity was tracked in frozen dough over an 8-week storage period. As shown in 
Figure 14, the lowest ice crystal growth rates were observed in dough extracts containing 
the highest IBP concentrations, corresponding to the greatest activity. A decline in 
activity was most evident at week 4 in the sample supplemented with 20% IBP solution 
and at week 2 in the remaining samples. Following the initial increase in ice crystal 
growth rates, the values stabilized. 

Despite this reduction, growth rates remained lower than those of the negative 
control throughout the experiment, indicating that while frozen storage and repeated 
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freeze–thaw cycles reduce protein stability, they do not completely eliminate IBP 
activity. 

 
Figure 16: Ice recrystallization inhibition (IRI) activity of 2x diluted frozen dough extracts in 70% 
sucrose solution. Results are expressed as the percentage of average crystal growth speed relative 
to the negative control. 

Yeast survival during the 8-week frozen storage of whole wheat dough followed a 
similar trend, as illustrated in Figure 16a. Immediately after freezing (0 h), survival rates 
decreased by an average of 9.7 ± 2.7% in IBP-treated samples and 17.5 ± 4.0% in the 
negative control relative to unfrozen dough. 

Prolonged frozen storage further reduced yeast viability. In the negative control, 
survival rates remained relatively stable until week 4, after which they declined. A similar 
pattern was observed for the two lowest IBP concentrations (IBP-2.5% and IBP-1.25%), 
with decreases occurring after week 8. In contrast, samples containing higher IBP 
concentrations (IBP-20%, IBP-10%, and IBP-5%) showed no significant changes in survival 
throughout the storage period. 
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Figure 17: Living yeast cell counts in thawed dough (A) and dough leavening performance (B) in 
dough containing 0-20% ice-binding proteins (IBPs) during 8 weeks of frozen storage. The red 
dotted lines indicate the value range for the unfrozen fresh dough (A: 85.5 ± 4.3%, B: 136.0 ± 19.0%). 

Ice crystal growth and recrystallization are known to substantially reduce viable yeast 
cell counts in frozen dough. However, the reductions observed in this study were less 
severe than those reported in previous literature, where yeast survival has been shown 
to decline by 53–99% after 45 days of frozen storage (Nguyen et al., 2018; Phimolsiripol, 
2009; Tian et al., 2020). The incorporation of ice-binding collagen peptides has been 
reported to similarly enhance yeast viability, increasing survival by up to 55% and yielding 
maximum survival rates of approximately 70–80% after 4 weeks of storage (Nguyen et 
al., 2018; Tian et al., 2020). 

Dough leavening performance, expressed as changes in loaf height, reflects yeast 
vitality and CO₂ production. As shown in Figure 17b, the rising capacity of all samples 
declined over the 8-week period, with the most pronounced reduction occurring at week 
4, coinciding with decreased IBP activity and yeast survival. Among the tested conditions, 
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samples containing higher IBP concentrations (IBP-20% and IBP-10%) retained the 
greatest loaf height after 8 weeks, at 88.9% and 85.1%, respectively, relative to freshly 
prepared dough. In contrast, the negative control and samples with lower IBP 
concentrations (IBP-5%, IBP-2.5%, and IBP-1.25%) showed reduced retention, ranging 
from 64.7% to 76.2%. 

Freezing can also induce starch retrogradation, leading to various undesirable 
structural changes in frozen dough. Starch granules are generally classified into two size 
groups: larger A-type granules (10–35 µm in diameter) and smaller B-type granules (<10 
µm). A-type granules have been reported to exhibit greater resistance to freezing stress 
(Sandeep et al., 2010; Yang et al., 2019). 

In all dough samples analyzed, B-type granules were predominant, accounting for 
87.9–97.0% of the total granules observed (Figure 18). In unfrozen dough, the mean sizes 
of A- and B-type granules were 12.69 ± 2.69 µm and 3.87 ± 1.76 µm, respectively. The 
most pronounced reduction in granule size during storage occurred in the negative 
control, where the mean B-type granule size decreased from 3.32 ± 1.12 µm at week 0 
to 2.54 ± 1.25 µm at week 8. The IBP-1.25% sample maintained a relatively stable granule 
size for the first 6 weeks, followed by a significant decrease at week 8 to 3.04 ± 1.22 µm. 

This reduction in granule size is likely associated with ice crystal growth, which can 
damage starch granules, leading to the leakage of amylose, proteins, and lipids (Yang et 
al., 2019). Amylose release, in particular, has been linked to negative effects in baked 
bread, as it promotes the formation of a network that increases crumb firmness 
(Bárcenas et al., 2003; Silvas-García et al., 2016). In contrast, the other IBP-treated 
samples maintained B-type granule sizes comparable to those of fresh dough, ranging 
from 3.42 to 4.12 µm throughout the 8-week storage period. The larger A-type granules 
showed no significant changes during freezing, consistent with previous findings 
(Sandeep et al., 2010). 

 
Figure 18: Size distribution of the starch granules in fresh and frozen dough during 8 weeks of frozen 
storage. A-type granules are in orange and B-type granules in blue. Dotted bars indicate results at 
week 0, and colored bars indicate results at week 8. 

The structural properties of dough are largely determined by the formation of the gluten 
network during kneading and fermentation (Paraskevopoulou et al., 2010; Totosaus et 
al., 2013). This network can be disrupted by ice crystal growth during freezing and frozen 
storage (Cao et al., 2020; Liu, Liang, Wang, et al., 2018; Sharadanant & Khan, 2003b). 
Additionally, the incorporation of non-gluten-forming proteins may negatively affect 
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dough structure by diluting the gluten protein content, resulting in a weaker network 
(Paraskevopoulou et al., 2010; Totosaus et al., 2013). 

 
Figure 19: Dough texture parameters during 8 weeks of frozen storage at two-week intervals. The 
dotted line indicates the average value for fresh dough. 

The texture of the whole wheat dough remained similar in terms of cohesiveness and 
springiness to that of fresh dough throughout frozen storage. As shown in Figure 18, the 
two highest IBP concentration doughs exhibited an improved dough strength during the 
first 6 weeks of frozen storage, which could be connected to better preservation of the 
gluten network. Differences were not significant for lower IBP concentration doughs and 
the negative control. These results correlate with the gumminess and chewiness of the 
dough. 

The elasticity of the dough decreased after freezing. Additionally, the undiluted IBP 
sample showed a consistently lower elasticity, whereas the second-highest IBP 
concentration appeared to help maintain the elasticity of the dough the longest. 

The adhesiveness of the dough had the most deviation over the weeks. In general, the 
adhesiveness of the dough increased after freezing when compared to the fresh dough. 
Both the decrease in elasticity, as well as the increase in adhesiveness, affected the 
handling of the dough negatively, which additionally affected the accuracy of the 
measurements as the variance between individual dough sample measurements 
increased after freezing and during frozen storage. 

4.7.2 Analysis of the bread 
The frozen storage of dough can affect both the gluten network and the yeast 
survivability. These parameters have an important role in the specific volume of the loaf 
(Bae et al., 2014; X. Chen et al., 2017; Jia et al., 2012; Liu et al., 2018). 

In terms of specific volume, the samples analyzed in this work showed good resistance 
to freezing. The specific volume for freshly prepared wholewheat bread was 1.79 ± 0.15 
cm3/g. The values for the loaves of bread prepared from frozen dough (Figure 20) stayed 
within the same range throughout the experiment. 
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Figure 20: Specific volume values during 8 weeks of frozen storage of loaves prepared from dough 
containing 0-20% ice-binding proteins (IBPs). The dotted lines indicate the values for the fresh 
dough (1.79 ± 0.15). 

 Whole wheat dough has been reported to exhibit greater resistance to freezing in 
terms of loaf volume retention. For example, bread made from white wheat flour 
showed a 17.9% reduction in volume after 4 weeks of frozen storage, whereas whole 
wheat bread decreased by only 8.9% over the same period (Bae et al., 2014). Loaf volume 
is often associated with yeast viability. However, in the present study, only a moderate 
correlation was observed between these parameters (correlation coefficients ranging 
from 0.3 to 0.7). This indicates that factors beyond yeast survival, such as the integrity of 
the gluten network, likely play a more significant role in maintaining specific loaf volume. 

Previous studies have demonstrated that antifreeze peptides derived from pig skin 
collagen can help preserve loaf volume, with a reduction of 28.06% in the control 
compared to only 10.57% in treated samples (Chen et al., 2017). Similar effects have 
been reported for ice-structuring proteins from Ligustrum vulgare leaves, where treated 
dough maintained significantly higher specific volume over 5 weeks of frozen storage (Jia 
et al., 2012). Additionally, recombinant carrot antifreeze protein expressed in Pichia 
pastoris GS115 has been shown to improve loaf volume during repeated freeze–thaw 
cycles (Liu et al., 2018). Collectively, these findings suggest that the incorporation of ice-
binding proteins can positively influence loaf volume, although the extent of this effect 
may depend on the dough formulation. 

The texture of bread produced from frozen dough is largely influenced by the 
condition of the gluten network, starch degradation, and yeast survival (Cao et al., 2020; 
Feng et al., 2020; Liu et al., 2018; Nguyen et al., 2018; Phimolsiripol, 2009). The main 
changes in bread texture observed over the 8-week storage period are presented in 
Figure 21. 
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Figure 21: Bread texture parameters during 8 weeks of frozen storage at two-week intervals. The 
dotted line indicates the average value for fresh dough. Results are given as mean values with 
standard deviations (n = 5). 

Freezing and prolonged frozen storage had a detrimental effect on bread texture, 
increasing hardness, chewiness, and gumminess. However, the incorporation of ice-
binding proteins reduced these parameters by up to 32.2%, 47.9%, and 39.3%, 
respectively, compared to the control after 8 weeks of storage. Other texture attributes 
showed minimal variation between samples and remained comparable to those of bread 
prepared from unfrozen dough. 

Comparable effects have been reported for ice-structuring collagen peptides derived 
from porcine skin hydrolysates, where the hardness and gumminess of steamed bread 
were reduced by approximately 30% relative to the control after 4 weeks of frozen 
storage (Nguyen et al., 2018). Similarly, ice-binding proteins isolated from Chinese privet 
leaves and barley have been shown to enhance bread softness by around 12% and 16%, 
respectively, in frozen dough applications (Ding et al., 2020; Jia et al., 2012). 

The sensory evaluation of the whole wheat bread is shown in Figure 22 for texture 
and appearance and Figure 23 for taste and aroma. 

 
Figure 22: Sensory evaluation of appearance and texture of the whole wheat bread enhanced with 
ice-binding proteins (IBP-20%) compared to the negative control during 8 weeks of frozen storage. 
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Figure 23: Sensory evaluation of the taste and aroma of the whole wheat bread enhanced with ice-
binding proteins (IBP-20%) compared to the negative control during 8 weeks of frozen storage. 

The appearance and texture of the bread remained relatively stable over time and 
across all samples. However, the negative control exhibited a more pronounced decline 
in softness compared to loaves supplemented with ice-binding proteins, which also 
showed slightly better retention of porosity and elasticity. Increased crumbliness was 
observed over time in the negative control and in samples with the lowest IBP 
concentrations. Overall, these results indicate that the addition of IBPs contributes to 
improved stability of bread appearance and texture during storage. 

Regarding sensory attributes, the intensity of taste decreased in the negative control, 
while breads containing ice-binding proteins showed little to no change. In contrast, 
aroma intensity, including yeast and sour notes, increased over the 8-week storage 
period, with the most notable changes observed in the negative control sample. 

In terms of the taste and aroma parameters, the intensity of taste decreased in the 
negative control sample, whereas the bread enhanced with ice-binding proteins showed 
little to no difference. Contrarily, the intensity of the aroma, as well as the yeast and sour 
aroma, appeared to increase during the 8-week experiment, most significantly for the 
negative control sample. 

4.8 Potential ice-binding protein-producing bacteria from the Baltic Sea 
Bacteria identified from Baltic seaweed species (Publication I) were compared with 
bacterial taxa reported in the literature to produce ice-binding proteins. Among the 
bacterial species detected in the algal samples, members of the Flavobacteriaceae family 
showed the strongest overall potential for containing IBP-producing taxa. Several 
experimentally validated IBP-producing bacteria belong to this family, including 
Flavobacterium frigoris PS1 and Flavobacterium xanthum (Do et al., 2014; Kawahara et 
al., 2007; Lorv et al., 2014). Although these exact species were not detected in the Baltic 
algal samples, multiple closely related Flavobacterium species were identified, including 
F. degerlachei, F. gelidilacus, F. glaciei, F. jumunjinense, F. macrobrachii, F. micromati, F. 
resistens, and F. xueshanense. There was also a correlation between higher relative 
abundances of Flavobacteriaceae and samples collected during the coldest sampling 
periods (April–May) compared to warmer months (June–September), suggesting that 
members of this family may possess adaptations that improve survival under low-
temperature conditions, potentially including ice-interacting mechanisms. 
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Additional Flavobacteriaceae genera identified in the samples, such as Polaribacter, 
Cellulophaga, Dokdonia, Maribacter, and Psychroserpens, are also commonly associated 
with marine and psychrophilic environments (Bowman, 2006). While direct experimental 
evidence for IBP production is currently lacking for most of these species, related taxa 
have been linked to cold adaptation mechanisms, extracellular polysaccharide 
production, or putative ice-interacting proteins in previous studies (Lorv et al., 2014).  

Species belonging to the genera Pseudomonas and Shewanella also represent 
promising candidates for IBP-related activity (Delesky et al., 2019; Kawahara et al., 2004; 
Singh et al., 2014; Vance et al., 2018; Yin et al., 2005). Pseudomonas putida has been 
experimentally shown to produce an IBP with both ice-nucleation activity and IRI activity 
(Singh et al., 2014; Sun et al., 1995), and several Pseudomonas species are well-known 
producers of INPs (M. L. Chen et al., 2003; Gharib et al., 2022; Graether & Jia, 2001; 
Kawahara et al., 2004). In the present samples, multiple Pseudomonas taxa were 
identified, including P. putida, P. fluorescens, P. psychrophila, and P. anguilliseptica. 
Similarly, members of the genus Shewanella, including S. baltica and S. oneidensis, were 
detected. Although direct evidence for IBP production in these exact species is limited, 
related Shewanella strains have previously been associated with ice-binding activity and 
cold-environment adaptation (Delesky et al., 2019; Vance et al., 2018). 

Overall, the bacterial community associated with Baltic seaweed contained several 
taxa closely related to known IBP-producing bacteria, particularly within the 
Flavobacteriaceae and Pseudomonadaceae. While the majority of identified species have 
not yet been experimentally confirmed to produce IBPs, their phylogenetic relationship 
to known ice-active bacteria and their occurrence in cold marine environments indicate 
that Baltic algal microbiomes may represent an unexplored source of novel ice-binding 
proteins.  
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5 Conclusions 
This thesis investigated the isolation, characterization, and potential food applications of 
ice-binding proteins produced by Pseudomonas fluorescens AQP671 isolated from 
Laminaria collected along the coast of Scotland. The thesis contributes to the growing 
understanding of marine-derived bacterial IBPs and highlights their relevance as 
potential cryoprotective agents in frozen food systems. 

The effects of environmental conditions on protein expression and activity were 
evaluated to understand the mechanisms behind the production of IBPs in P. fluorescens. 
IRI activity could only be detected in the culture media when organic nitrogen was 
available. Additionally, a temperature shift down to 15 °C or below was necessary for 
detectable activity. Variations in pH also influenced IBP functionality and stability, with a 
neutral pH supporting the highest activity.  

The successful purification and recombinant expression of two IBPs, an adhesin 
(PfAdh) and a metallopeptidase (PfMp), from P. fluorescens AQP671 confirmed its ability 
to produce proteins with ice-interacting properties. Functional analysis confirmed that 
the proteins exhibited IRI activity and that PfMp was the primary contributor to the IRI 
activity in P. fluorescens, as it required a lower concentration for similar levels of activity. 

Application of the purified proteins in frozen dough systems demonstrated their 
potential to improve frozen dough stability by limiting ice crystal growth and reducing 
freeze-related structural damage. These findings support the potential use of IBPs as 
natural cryoprotective agents in bakery products and other frozen food systems where 
ice recrystallization negatively affects texture and product quality. 

In addition, the comparative investigation of bacterial isolates associated with Baltic 
Sea seaweeds suggested that these marine environments may also serve as sources of 
potential IBP-producing microorganisms. This highlights the ecological diversity of cold-
adapted marine bacteria and supports the continued exploration of marine microbial 
communities for novel IBPs with unique functional properties. 

Overall, this work demonstrates that Pseudomonas fluorescens AQP671 produces 
functional ice-binding proteins with promising cryoprotective properties and potential 
applications in frozen food technology.  
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Abstract 
Ice-binding proteins in Pseudomonas fluorescens AQP671: 
isolation, characterization and applications in food 
Ice-binding proteins (IBPs) are a diverse group of proteins capable of interacting with ice 
crystals and modifying their growth and recrystallization. These proteins are produced 
by a wide range of cold-adapted organisms and play an important role in survival under 
freezing conditions. Due to their ice recrystallization inhibition (IRI) activity, IBPs have 
attracted increasing interest for potential applications in biotechnology and the food 
industry, particularly in frozen food systems where ice crystal growth negatively affects 
product quality. Despite growing research on IBPs from fish, plants, and fungi, 
comparatively little is known about bacterial IBPs and their potential industrial 
applications. 

The aim of this thesis was to isolate, characterize, and evaluate the application 
potential of IBPs produced by Pseudomonas fluorescens AQP671 isolated from brown 
algae collected along the coast of Scotland. The study focused on the purification and 
characterization of the proteins, recombinant expression in Escherichia coli, assessment 
of IRI activity, and evaluation of their potential use in frozen dough systems. In addition, 
the effects of environmental conditions such as pH and temperature on protein 
expression, activity, and thermal stability were investigated. The occurrence of potential 
IBP-producing bacteria associated with Baltic Sea seaweeds was also explored based on 
bacterial isolation and literature comparison. 

Marine algae-associated bacteria represent a relatively underexplored source of novel 
cold-adapted microorganisms and IBPs. Therefore, this work contributes to expanding 
current knowledge regarding marine bacterial IBPs and their possible utilization as 
natural cryoprotective agents. The novelty of the study lies in the investigation of IBPs 
derived from P. fluorescens associated with Scottish brown algae and the combined 
evaluation of their biochemical properties and practical food applications. 

The cultivation experiments of P. fluorescens AQP671 showed that organic nitrogen is 
necessary for the production of IBPs, and the presence of amino acids, such as L-
asparagine, L-valine and L-proline, had a positive effect on IRI activity. Additionally, it was 
shown that the activity of these proteins was highest at a neutral pH range, whilst acidic 
conditions decreased the IRI activity dramatically. 

IBPs were isolated and purified using ice affinity purification and fractionation 
according to size. From the mass-spectrometry results of the purified IRI active fractions, 
two candidate proteins were chosen based on their similarities to other bacterial IBPs. 
Recombinant expression of the target proteins was carried out in E. coli to verify their 
activity. The two candidate proteins, a giant Lap-A adhesin (PfAdh) and a 
metallopeptidase (PfMp), both exhibiting the RTX-motif, sometimes present in the ice-
binding site of IBPs, were verified to have IRI activity. The metallopeptidase showed a 
lower inhibitory concentration, indicating that it may be the primary contributor to the 
activity present in P. fluorescens AQP671. The thermal stability analysis of the proteins, 
as well as an active fraction from the ice affinity purification and a different IBP from sea 
raven, further confirmed that PfAdh and PfMp were primarily responsible for the 
inhibition of ice crystal growth. 

To investigate practical applications in food systems, the purified IBPs were 
incorporated into frozen dough formulations. Frozen dough is highly susceptible to 
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freeze-induced damage because of its high water content, where ice crystal growth may 
damage yeast cells, disrupt gluten networks, and alter starch granule morphology. The 
addition of IBPs was therefore evaluated for their potential cryoprotective effects and 
their ability to improve dough stability during frozen storage. 

Application studies in frozen dough systems suggested that the IBPs could contribute 
to improved frozen dough stability by reducing ice recrystallization-related damage 
during 8 weeks of frozen storage. The IBPs had a positive effect on yeast viability, dough 
and bread texture and sensory parameters. These findings support the potential use of 
bacterial IBPs as natural cryoprotectants in frozen bakery products and other frozen food 
applications. In addition, the comparison of bacterial isolates associated with Baltic Sea 
seaweeds indicated that marine environments may represent valuable reservoirs of 
previously unexplored IBP-producing microorganisms. 

In conclusion, this thesis demonstrates that Pseudomonas fluorescens AQP671 is a 
promising source of functional ice-binding proteins with potential applications in frozen 
food technology. The thesis contributes to the understanding of bacterial IBPs from 
marine environments and highlights their relevance as natural cryoprotective agents.  
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Lühikokkuvõte 
Jääga seonduvad valgud Pseudomonas fluorescens AQP671: 
puhastamine, iseloomustamine ja kasutamine toidus 
Jääga seonduvad valgud (ice-binding proteins, IBP-d) on mitmekesine valkude rühm, 
millel on võime seonduda jääkristallidega ning mõjutada nende kasvu ja 
rekristallisatsiooni. Neid valke toodavad erinevad külmaga kohastunud organismid ning 
neil on oluline roll ellujäämisel madalatel temperatuuridel ja külmumistingimustes. Tänu 
oma jää rekristallisatsiooni inhibeerivale (IRI) aktiivsusele on IBP-d pälvinud järjest 
suuremat tähelepanu nii biotehnoloogias kui ka toiduainetööstuses, eriti külmutatud 
toodete puhul, kus jääkristallide kasv mõjutab otseselt toote kvaliteeti. Kuigi kaladest, 
taimedest ja seentest pärinevaid IBP-sid on põhjalikult uuritud, on bakteriaalsete IBP-de 
ning nende võimalike tööstuslike rakenduste kohta teadmisi endiselt suhteliselt vähe. 

Käesoleva doktoriitöö eesmärk oli Šotimaa rannikult kogutud pruunvetikatelt 
isoleeritud Pseudomonas fluorescens AQP671 toodetud jääsiduvate valkude 
puhastamine ja funktsionaalse aktiivsuse uurimine, rekombinantne ekspressioon 
Escherichia coli-s ning nende võimaliku kasutamise hindamine külmutatud nisutaignas. 
Lisaks uuriti keskkonnatingimuste, nagu pH ja temperatuuri, mõju valkude aktiivsusele, 
ekspressioonile ja stabiilsusele. Samuti analüüsiti võimalike IBP-sid tootvate bakterite 
esinemist Läänemere vetikatega seotud bakterikooslustes, tuginedes nii bakterite 
isoleerimisele kui ka varasemale kirjandusele. 

Merevetikatega seotud bakterid on suhteliselt väheuuritud jäädsiduvatele valkude 
allikas. Seetõttu aitab käesolev töö laiendada teadmisi bakterite IBP-dest ning nende 
võimalikust kasutamisest looduslike krüoprotektiivsete ühenditena. Töö uudsus seisneb 
Šoti pruunvetikatega seotud P. fluorescens-est pärinevate IBP-de uurimises ning nende 
biokeemiliste omaduste ja praktiliste toidurakenduste ühendamises üheks terviklikuks 
käsitluseks. 

Pseudomonas fluorescens AQP671 kasvatamiskatsed näitasid, et IBP-de tootmiseks on 
vajalik orgaaniline lämmastik. Samuti suurendas aminohapete, nagu L-asparagiini, L-
valiini ja L-proliini olemasolu kasvukeskkonnas IRI aktiivsust. Lisaks selgus, et valkude 
aktiivsus oli suurim neutraalses pH vahemikus, samas kui happelised tingimused 
vähendasid jää rekristallisatsiooni inhibeerivat aktiivsust märgatavalt. 

IBP-d puhastati jääafiinsuspuhastuse ja suurusepõhise fraktsioneerimise abil. 
Puhastatud IRI-aktiivsete fraktsioonide massispektromeetrilise analüüsi põhjal valiti välja 
kaks kandidaatvalku, millel esines sarnasus teiste teadaolevate bakteriaalsete IBP-dega. 
Nende aktiivsuse kinnitamiseks viidi kandidaatvalkude rekombinantne ekspressioon läbi 
E. coli-s. Mõlemad valgud, Lap-A adhesiin (PfAdh) ja metallopeptidaas (PfMp), sisaldasid 
RTX-motiivi, mida on varasemalt seostatud IBP-de jääga seondumis piirkonnaga (ice-
binding site, IBS), ning mõlemal kinnitati IRI aktiivsus. Metallopeptidaas näitas 
madalamat inhibeerivat kontsentratsiooni, viidates sellele, et see võib olla peamine P. 
fluorescens AQP671 poolt põhjustatud aktiivsuse allikas. Valkude termilise stabiilsuse 
analüüs ning võrdlus jääafiinsuspuhastusest saadud aktiivse fraktsiooni ja merikärnkala 
(sea raven) IBP-ga kinnitas samuti, et peamised jääkristallide kasvu inhibeerivad valgud 
olid PfAdh ja PfMp. 

Valkude praktilise rakenduspotentsiaali hindamiseks lisati puhastatud IBP-d 
külmutatud täistera nisutaigna süsteemidesse. Külmutatud tainas on suure veesisalduse 
tõttu eriti tundlik külmumiskahjustuste suhtes, kuna jääkristallide kasv võib kahjustada 
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pärmirakke, lõhkuda gluteenivõrgustikku ja muuta tärklisegraanulite struktuuri. Seetõttu 
hinnati IBP-de võimet toimida krüoprotektiivsete ühenditena ning parandada taigna 
stabiilsust külmutatuna säilitamise ajal. 

Külmutatud taigna katsed näitasid, et IBP-de lisamine vähendas jää 
rekristallisatsioonist põhjustatud kahjustusi kaheksa nädala pikkuse säilitamise jooksul. 
Valkudel oli positiivne mõju pärmi eluvõimele, taigna ja valmis leiva tekstuurile ning 
sensoorsetele omadustele. Tulemused viitavad sellele, et bakteriaalsed IBP-d võivad olla 
paljulubavad looduslikud krüoprotektiivsed ühendid külmutatud pagaritoodete ja teiste 
külmutatud toiduainete jaoks. Lisaks näitas Läänemere vetikatega seotud bakterite 
võrdlus, et merekeskkonnad võivad olla väärtuslikuks allikaks seni väheuuritud IBP-sid 
tootvatele mikroorganismidele. 

Kokkuvõttes näitab käesolev doktoritöö, et Pseudomonas fluorescens AQP671 on 
funktsionaalsete jääga seonduvate valkude allikas, millel on rakenduspotentsiaal 
külmutatud toiduainete tehnoloogias. Töö aitab kaasa bakteriaalsete IBP-de paremaks 
mõistmiseks ning rõhutab nende olulisust looduslike krüoprotektantidena. 
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Abstract 

Cold-adapted organisms have developed many different mechanisms to protect 

themselves from freezing temperatures. One of these mechanisms is ice recrystal-

lization inhibition (IRI) activity. IRI refers to the ability of certain proteins and com-

pounds to prevent the growth of ice crystals during freeze–thaw processes. The 

IRI activity of Pseudomonas fluorescens AQP 671 culture media was evaluated in 

relation to various nitrogen sources, incubation temperatures and pH conditions. 

The highest IRI activities were achieved with amino acids L-asparagine, L-proline, or 

L-valine, particularly under prolonged low-temperature cultivation. A rapid increase 

in IRI activity was observed during the first 24 hours, in response to cold shock, 

correlating with cell density. The activity was detected at temperatures below 15 °C, 

with the highest IRI activities achieved at 5–10 °C. The optimal pH range for high IRI 

activity was pH 6–8, and it was negatively affected by low (2–4) and high (10–12) pH 

values. These findings highlight the importance of both environmental conditions and 

nutrient composition in the expression of IRI activity in Pseudomonas fluorescens 

AQP671 culture media.

1. Introduction

In cold-adapted organisms, ice-binding proteins (IBPs) have emerged as pivotal 
biomolecules safeguarding cellular structural integrity and viability [1]. These proteins 
exhibit unique interactions with ice surfaces, manifesting in two distinct properties: 
thermal hysteresis (TH) signifying the variance between melting and freezing points, 
and ice-recrystallization inhibition (IRI), i.e., the inhibition of growth of larger ice crys-
tals at the expense of smaller ones [2]. Despite their shared role in enhancing freeze-
thaw tolerance of cellular membranes and structures, TH and IRI are non-correlated 
phenomena [2,3].
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IBPs, which vary in terms of size, structure, and activity levels, have been identi-
fied across various organisms, including fish, insects, plants, algae, fungi, and micro-
organisms [1,4,5]. Despite these variations, all these proteins share a common trait of 
exhibiting cryoprotective properties [1,2,6–9].

Microbial IBPs show a particular potential for biotechnological applications due to 
their relatively low cost and ease of production compared to plant or animal IBPs [10]. 
Most research on the practical applications of bacterial IBPs focuses on ice nucleating 
proteins (INPs), which have been used to enhance frozen food quality (e.g., surimi, 
milk, and starch solutions) and for artificial snow production [11–14]. Antifreeze- 
active IBPs have shown promise in crop preservation via biofertilizer enrichment and in 
preserving frozen foods [15,16]. For example, psychrophilic yeast, Glaciozyma martini, 
was recently found to produce an extracellular, glycosylated 27 kDa ice-binding protein 
with IRI activity that showed cryoprotective effects in frozen fruit and vegetable preser-
vation as well as in the cell survival of Saccharomyces cerevisiae after freezing [10].

Studies suggest that nutrient composition can significantly modulate ice nucleation and 
thermal hysteresis activities of bacterial IBPs [17–19]. Previously isolated at the coast 
of Ross Island, Antarctica, a strain of Pseudomonas fluorescens (KUAF-68) has been 
noted for producing two distinct IBPs, one of them (MW 80kDa) displaying low thermal 
hysteresis values that could be increased in the media by the addition of L-asparagine 
and the other one (MW 600kDa) exhibiting ice nucleation activity that could be increased 
in the media by the addition of glycine [17]. In Pseudomonas fluorescens strain MACK-4, 
INP activity was reduced in the presence of inorganic nitrogen sources, suggesting that 
these compounds suppress IBP production. Independent experiments further indicate 
that the source of nitrogen exerts a stronger influence than the source of carbon on both 
cellular growth and IBP synthesis. Among organic nitrogen sources such as yeast extract, 
peptone, and tryptone, no significant differences were observed in their ability to promote 
IBP production [19]. In addition, supplementation of the growth medium with L-serine and 
L-alanine has been reported to enhance INP activity in Pantoea ananatis [17,18]. Despite 
these studies, comprehensive research on the ice recrystallization inhibition (IRI) activity 
of bacterial IBPs and the impact of environmental parameters on the functionality and 
expression of these proteins is still rather limited to date.

This study focuses on another strain of Pseudomonas fluorescens (AQP671) 
sourced from Ganavan Bay, North Scotland, which appears to produce at least two 
distinct IBPs based on experimental observations. The IBPs are characterized by ice 
recrystallization inhibition activity. Our study aims to describe the interplay of tem-
perature, pH, and nitrogen source composition in the growth medium on the expres-
sion of IRI activity, with potential biotechnological significance.

2. Materials and methods

Preparation and cultivation of P. fluorescens under variable environmental 

conditions

Pseudomonas fluorescens strain AQP671, isolated from Ganavan Bay, Scotland 
(UK), was provided by Lallemand Inc. The bacteria were maintained at 30 °C on 
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Lysogeny Broth Agar (LB, Lab M) for 24 h and cultivated at 30 °C in mineral medium (pH 7) containing MgSO₄ (1.5 g/L) 
and KH₂PO₄ (1.5 g/L), adding glycerol (20 g/L) as the carbon source, and NH₄Cl (3 g/L) as the nitrogen source. Cultivation 
was carried out on a shaker (Innova 43 Incubator Shaker Series) at 180 rpm, followed by growth in a 7 L bioreactor (Bio-
bench, Applikon, The Netherlands). In the bioreactor, the pH was controlled at 7.0 using titration with 5M NaOH and dis-
solved oxygen concentration pO2 > 10% of air saturation by adjusting the aeration rate and stirrer speed. The bioreactor 
was inoculated (1:9, v/v) with the 48-h shake flask-grown pre-culture and grown until glycerol was almost depleted (~40 h). 
Then, for initiation of IBP production, the temperature was decreased to 5 °C, and glycerol (20 g/L) and NH4Cl (3 g/L) or 
yeast extract (Lab M, 10 g/L) were added. The incubation length at 5 °C was 32 h for the NH

4
Cl experiment and 100 h for 

the experiment using yeast extract as a nitrogen source.
To study the impact of individual amino acids, a portion of the culture was also withdrawn prior to the temperature shift-

down and used to inoculate shake flasks (1:9, v/v) containing 20 mL of mineral medium with glycerol (20 g/L) and a single 
amino acid added as the sole nitrogen source. Each flask contained only one of the following amino acids: L-alanine, 
L-arginine, L-asparagine, L-glutamine, L-isoleucine, L-methionine, L-proline, L-serine, L-threonine, or L-valine, added 
in a concentration that corresponded to 1 g N/L. These results were compared to those obtained using mineral medium 
supplemented with either yeast extract or ammonium chloride as the nitrogen source. The nitrogen content of the yeast 
extract was estimated based on the total amino acid content provided by the manufacturer. The total incubation time at 5 
°C was 168 h.

Similar experiments were carried out to study the effect of temperature in the presence of L-asparagine as the nitrogen 
source. The temperature values of 5, 10, 15, and 20 °C were selected to represent a biologically relevant range spanning 
from cold stress conditions, which are known to induce ice-binding protein production, up to moderate temperatures favor-
able for bacterial growth. Samples were collected at 24-hour intervals for a total of 96 h.

To evaluate the effect of pH on ice recrystallization inhibition activity, the pH of the culture supernatant obtained after 
24 h of incubation at 5 °C was adjusted to 2, 4, 6, 8, 10, and 12 covering the physiological pH range relevant to Pseudo-
monas fluorescens’ natural environment, as well as extreme pH values to assess protein stability and activity under stress 
conditions.

Analytical methods

Optical density (OD) was used to estimate the biomass concentration, expressed as grams of dry weight per liter 
(X = 0.375 gDw/L * OD). The concentration of glycerol (using a SunChrom HPLC system equipped with a Rezex™ 
ROA-Organic Acid H⁺ (8%) column (Phenomenex) and both UV-Vis and refractive index (RI) detectors), extracellular 
protein (using Pierce™ modified Lowry assay kit, Thermo Fischer Scientific) and ice recrystallization inhibition (IRI) activity 
were measured in the culture supernatant after removing the biomass by centrifugation at 13 000 rpm for 1 min (Biofuge 
Pico, Heraeus, Hanau, Germany).

IRI activity was measured using the modified “sucrose sandwich” assay with some modifications, as previously 
described [20]. 25 μl of supernatant of P. fluorescens AQP671 culture media was mixed with a 70% sucrose solution 
(1:1, v/v ratio), and 3 μl of the solution was placed on a glass microscope slide, covered with a cover slip, and the edges 
were sealed with silicone oil. The microscope slide was then flash-frozen in liquid nitrogen and placed on a cooling stage 
(Linkam PE 120, UK) of a microscope (Nikon Eclipse E 200, Japan). The temperature for the cooling stage was set to be 
close to the ice crystal melting point of 35% sucrose solution (T = −6.8 °C) and set to change according to the preset pro-
file (Fig 1). The images of ice crystals were obtained using the Motic Images 3.0 program at the end of temperature ramps 
4 and 6 (highlighted in green and red, respectively). Images were analyzed using the Image J image analysis tool, and the 
ice crystal growth rates were calculated using the Ostwald law equation [21] (Eq. 1).

 
=

( )
/

 (1)
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where,
k – ice crystal growth rate, μm3/min
r – average ice crystal radius at the end of temperature ramp 6, μm
r0 – average ice crystal radius at the end of temperature ramp 4, μm
t – time, min.
The dilution Dk50% of the sample, resulting in a 2-fold decrease of the maximum crystal growth speed k, was utilized to 

express the ice recrystallization inhibition activity (IRI). The dilution Dk50% was determined by preparing a series of 2-fold 
dilutions of the sample. The first dilution, 1:1 (v/v) of the sample, was made with a 70% sucrose solution, and the follow-
ing 1:1 (v/v) with a 35% sucrose solution to maintain the 35% (m/v) sucrose concentration. Dilutions were made until the 
original sample was diluted up to 128 times (Fig 2).

The dilution D at which the ice crystal growth rate k reached half of the maximum speed (Dk50%) was calculated by 
solving the quadratic equation (Eq. 2) corresponding to the second-order polynomial trendline of the dilution graph as 
follows:

 = + +  

 =  

 
=

±
√

( )

 (2)

Fig 1. Temperature profile set points of the cooling plate for ice recrystallization inhibition (IRI) activity assessment. Images are taken at time 
points 154 and 354 s, highlighted in green and red accordingly. The microscope images shown are for the 35% sucrose solution at −6.8 °C.

https://doi.org/10.1371/journal.pone.0333261.g001
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where,
a, b, c – quadric, linear and constant term
y – ice crystal growth rate relative to the maximum growth rate, %
Dk

50%
 - dilution at the growth rate corresponding to 50% of the maximum growth rate

This point was defined as the Dk50%
 inhibition point, corresponding to IRI activity. All samples were measured in 

triplicate.

Statistical analysis

Statistical analysis (ANOVA, two-tailed paired t-test and Pearson’s Correlation Coefficient) for the results was done with 
Excel Data Analysis tools. Results are presented with 95% confidence intervals. A p-value < 0.05 was considered statisti-
cally significant.

Compliance with ethics requirements

This article does not contain any studies with human or animal subjects.

3. Results and discussion

Expression of IRI activity in Pseudomonas fluorescens AQP671 culture

IRI activity during cultivation of P. fluorescens AQP671 on mineral media at 25 °C and after switching to 5 °C using yeast 
extract or NH

4
Cl as the nitrogen sources is shown in Fig 3. IRI activity of the culture media could not be detected during 

growth at 25 °C and after cultivation at the shift-down temperature (5 °C) when glycerol and NH
4
Cl were added. However, 

a rapid increase in IRI activity was observed if yeast extract was added to culture media instead of NH
4
Cl. Notably, IRI 

activity continued to rise throughout the 140 h incubation phase, reaching a dilution (D
Kd50%

) of 40, even after the culture 
had reached the stationary phase. Although this phenomenon has not previously been described for IBPs, other cold- 
inducible proteins, such as cold-shock proteins in Bacillus subtilis and Caulobacter crescentus, are known to be upregu-
lated during the stationary phase [22,23].

Fig 2. Graphical assessment of ice recrystallization inhibition (IRI) activity. Data represents mean values with standard deviation error bars (n = 3). 
The IRI activity is expressed as D

k50%
, calculated from the quadratic polynomial trend line (blue dotted line). The green marker at 32 × dilution indicates a 

plateau in ice crystal growth rates across the dilution series.

https://doi.org/10.1371/journal.pone.0333261.g002
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The effect of individual amino acids on ice recrystallization inhibition activity

After reaching a biomass concentration of 10 gDw/L in the bioreactor, part of the culture was transferred into the 
flasks containing pre-cooled (5 °C) base media supplemented with individual organic nitrogen sources: L-alanine 
(A), L-arginine (R), L-asparagine (N), L-glutamine (Q), L-isoleucine (I), L-methionine (M), L-proline (P), L-serine (S), 
L-threonine (T), and L-valine (V), or yeast extract (YE) as a control, and incubated on shaker at 5 °C for 168 h. The 
biomass growth of individual nitrogen sources during the induction of IBP production by temperature shift-down is 
shown in Fig 4.

Despite the equal nitrogen concentration (1 g N/L) supplied with different amino acids, the growth of P. fluorescens 
AQP671 (5 gDW/L) was most pronounced in the media containing yeast extract. This can be explained by a good bal-
ance of nutrients in yeast extract [24]. In addition to various nitrogen sources, yeast extract provides sugars, vitamins, 
and trace elements, which can support cellular metabolism and may contribute to the increased biomass yield. Thus, 
the growth-promoting effect of yeast extract cannot be attributed solely to its nitrogen content [24,25]. The culture media 
containing a single amino acid reached much lower biomass concentrations, ranging from 0.7 gDW/L (L-threonine) to 1.5 
gDW/L (L-alanine).

The impact of different nitrogen sources on the expression of IRI activity and total extracellular protein synthesis at 5 °C 
after 168 h of incubation is shown in Fig 5.

The highest IRI activity, Dk50%, of the culture media was achieved with L-asparagine, followed by yeast extract, L-proline, 
and L-valine. The other amino acids resulted in lower IRI activity. When comparing IRI activity relative to total protein con-
tent in the cultivation media, L-asparagine resulted in significantly higher specific activity than the other nitrogen sources 
tested.

The change in IRI activity over time can be seen in Fig 6. All the nitrogen sources showed a rapid increase in IRI activ-
ity for the first 24 h in response to the decrease in temperature.

Fig 3. Comparison of two experiments assessing the growth and ice recrystallization inhibition (IRI) activity of Pseudomonas fluorescens 

AQP671 cultivated with different nitrogen sources following a temperature shift-down to 5 °C. In Experiment 1, ammonium chloride (NH₄Cl) was 
used as the nitrogen source throughout cultivation (biomass (X): yellow line; IRI activity: blue line). In Experiment 2, yeast extract was added as the 
nitrogen source after the temperature shift-down (biomass (X): black line; IRI activity: green line). The bioreactor temperature set point is shown by the 
orange line.

https://doi.org/10.1371/journal.pone.0333261.g003
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According to the observed changes in IRI activity, the nitrogen sources were grouped into two categories. The first 
was the high-activity group, comprising L-asparagine, yeast extract, L-proline, and L-valine (Fig 6a), where IRI activ-
ity increased linearly (R2 > 0.9) throughout the entire experiment. An increase in ice recrystallization inhibition could be 
observed in this group during prolonged incubation at 5 °C, despite the cessation of biomass production (Fig 4).

The second group was the moderate to low-activity group, which included L-isoleucine, L-alanine, L-arginine, L- 
methionine, L-threonine, L-glutamine, and L-serine, with activity increasing at a much slower rate and reaching a plateau 
with the stop of growth (Fig 4) around D

k50%
 values of 2–3 (Fig 6b).

The measured IRI activities were very strongly in positive correlation with the cell densities measured in the culture 
media at different sampling points for most nitrogen sources (Pearson correlation coefficient (PCC) > 0.9), excluding 
L-asparagine (PCC = 0.87), L-glutamine (PCC = 0.83), and L-threonine (PCC = 0.64) which showed weaker association 
between cell density and IRI activity.

It can be assumed that organic nitrogen sources are required for IRI activity, as IRI activity could not be seen in the 
cold-induced culture when NH

4
Cl was used as the sole nitrogen source. This correlates with previous literature, where 

it was shown that the INP activity of Pseudomonas fluorescens MACK-4 IBPs was lowered in the presence of inorganic 
nitrogen [19]. Unfortunately, the IRI activities could not be directly related to IBP concentrations on a protein basis, as spe-
cific activity is unknown. It is worthwhile to note that similar results have been found when assessing the thermal hystere-
sis activity of P. fluorescens strain KUAF-68, which showed an almost two-fold increase in activity when L-asparagine was 
supplemented into the growth media at a concentration of 0.025% (w/v N) [17].

The mechanisms behind the increased IRI activity observed in the presence of particular amino acids have not been 
researched. However, it has been shown that asparagine/aspartate, glutamine/glutamate, arginine and serine were 
the amino acids most abundantly consumed throughout the growth phases for Pseudomonas putida [26]. Additionally, 
Pseudomonas species are known to produce enzymes facilitating the nitrogen assimilation from L-asparagine, making it 

Fig 4. Change in the optical density during the growth of P. fluorescens AQP671 in the base medium containing a variety of amino acids or 

yeast extract as a nitrogen source. L-asparagine (green) is highlighted as the nitrogen source giving the highest IRI activity by the end of the experi-
ment. Data represent mean values with standard deviation error bars (n = 3).

https://doi.org/10.1371/journal.pone.0333261.g004
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Fig 5. The effect of nitrogen source (L-asparagine (N), yeast extract (YE), L-proline (P), L-valine (V), L-isoleucine (I), L-arginine (R), L-glutamine (Q), 

L-serine (S), L-alanine (A), L-threonine (T), L-methionine (M) on P. fluorescens AQP671 IRI activity (blue bars) after 48 h incubation at 5 °C. Orange 
bars – the biomass concentration (OD 600 nm) at 48 h, grey bars – total protein concentration in the culture media at 168 h of incubation, yellow boxes - pH 
of the culture media after 168 h of incubation. Data represent mean values with standard deviation error bars (n = 3). The full data for each time point can be 
found in the supporting materials, S1 Table. * As a comparison, NH4Cl results correspond to the results from the experiment in the bioreactor at 71 h, shown 
in Fig 3,  – no activity detected.

https://doi.org/10.1371/journal.pone.0333261.g005

Fig 6. The change in ice recrystallization inhibition activity in Pseudomonas fluorescens AQP671 culture supplemented with different nitro-

gen sources during incubation at 5 °C on shaker, 180 rpm.  a – high activity group: L-proline (P), L-valine (V), L-asparagine (N) and yeast extract 
(YE), b – low activity group: L-isoleucine (I), L-alanine (A), L-arginine (R) and L-methionine (M), L-threonine (T), L-glutamine (Q), L-serine (S). Data 
represent mean values with standard deviation error bars (n = 3).

https://doi.org/10.1371/journal.pone.0333261.g006
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an easily available nitrogen source [27]. In particular, L-asparaginase from Pseudomonas fluorescens has been shown 
to have high affinity to L-asparagine while having low affinity to glutamine [28]. Additionally, amino acids, compared to 
inorganic nitrogen sources, use different metabolic pathways for their assimilation, which may lead to amino-acid-specific 
gene regulation needed for IBP production [29,30].

The effect of pH on ice recrystallization inhibition activity of supernatant

The effect of pH on IRI activity was assessed by growing bioreactor-derived precultures in 5 °C flasks containing 1 g N/L 
L-asparagine as nitrogen source until biomass concentration reached 1 g DW/L. The pH of the culture supernatant was 
then adjusted to 2, 4, 6, 8, 10, and 12 and analyzed almost immediately for ice-binding protein activity. The IRI activity 
of the cold-induced P. fluorescens AQP671 culture supernatant at different pH values is shown in Fig 7. The activity was 
most prominent at pH values 6 and 8 and decreased rapidly at acidic (pH 2 and pH 4) and moderately at alkaline (pH 10 
and pH 12) conditions.

These results differ to some extent from previous literature data, which reported that fish and insect antifreeze pro-
teins with both thermal hysteresis and ice recrystallization inhibition activities exhibit little to no pH dependence [31–34]. 
By contrast, type III antifreeze proteins and spruce budworm ice-binding proteins showed a slight decrease in absolute 
activity under low pH conditions, similarly to the IBPs investigated in this study [35]. This decrease was attributed to 
alterations in the secondary structure propensities of some protonated residues of IBPs, leading to a reduction in the 
total number of proximal water molecules and disrupting the water solvation structure at the basal and ice-binding inter-
faces of IBPs [35,36].

Marinomonas primoryensis IBPs (MpIBPs) exhibited the highest similarity in pH stability to P. fluorescens 
AQP671 IBPs. Thus, MpIBPs did not interact with ice at pH ≤ 4 or pH ≥ 13, at 6 ≤ pH ≤ 12 demonstrated a reduction in 
ice crystal grain size and at 6 ≤ pH ≤ 10 exhibited dynamic ice shaping [37]. These results indicate that the impact of 
pH on IBP stability is not universal but may be dependent on the species producing these IBPs and their molecular 
structures.

Fig 7. Ice recrystallization inhibition activity in P. fluorescens AQP671 culture supernatant. Data represents mean values with standard deviation 
error bars (n = 3). Lowercase letters indicate significant differences between samples according to the t-test values (p < 0.05) (left). Microscopic images of 
the ice crystals in the culture supernatant (2x diluted) at different pH values. The scale vars are 50 μm (right).

https://doi.org/10.1371/journal.pone.0333261.g007
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The effect of temperature on expression of ice recrystallization inhibition activity

To assess temperature effects on IRI activity, the bioreactor-grown preculture was incubated for 96 h at 5, 10, 15, or 20 
°C in the medium containing L-asparagine as a nitrogen source. IRI activity in the culture supernatant was observed at 
temperatures of 15 °C and lower (Fig 8).

The results also show that the total protein content and IRI activity, when normalized to cell density, increased with low-
ering cultivation temperatures. However, similarly to the previous experiment with different amino acids, the total protein 
concentration in the culture media did not correlate with IRI activity, suggesting that the proteins responsible for IRI activity 
may constitute only a small fraction of the total proteins present. This corroborates previous findings that IRI activity can 
occur at as low as nano- to micromolar concentrations of IBPs [2,38].

The total protein as well as IRI activity per unit of biomass increased with the decrease of expression temperature, 
while the concentration of biomass decreased. IRI activity per protein content changed little, if at all (Fig 8).

The increase in IRI activity remained linear throughout the experiment at 5–10 °C. The IRI activities at 5, 10 and 15 °C 
were the same during the 72 h incubation (p < 0.05) and statistical differences could be seen only at the 96-hour sampling 
point, with the highest activity measured at 10 °C and the lowest at 15 °C (data shown in Supporting materials S2 Table).

Overall, the IBP induction temperatures determined in this work were similar to those determined for other bacterial IBPs, 
including P. fluorescens strain KUAF-68 (5 °C), Pseudomonas putida GR12−2 (10 °C) and Moraxella sp (10 °C) [17].

4. Conclusions

Our study demonstrates that the ice recrystallization inhibition (IRI) activity expressed by P. fluorescens AQP671 is sig-
nificantly influenced by the nitrogen source, pH and incubation temperature. The highest IRI activity was observed with 
L-asparagine, L-proline, and L-valine, particularly under conditions of prolonged cold stress. The IRI activity was equally 
expressed at temperatures of 15 °C and below, while no activity was detected at temperatures above 20 °C. The activity 
per unit was most prominent at neutral pH values and decreased rapidly at acidic and moderately at alkaline pH values. 
These findings suggest that both environmental factors and nutrient composition play crucial roles in the expression of 

Fig 8. Total protein concentration normalized to cell density (gray), biomass concentration at 24 h (blue), IRI activity normalized to biomass 

concentration (orange) and IRI activity normalized to total protein concentration in the culture media of P. fluorescens AQP671 after incuba-

tion for 24 h at 5, 10, 15 and 20 °C. Data represent mean values with standard deviation error bars (n = 3). N – not detected.

https://doi.org/10.1371/journal.pone.0333261.g008
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IRI activity in Pseudomonas fluorescens AQP671. A limitation of this study was that the IRI protein was not isolated nor 
sequenced, and could not be quantified in terms of mass per volume.
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