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Abstract 

Freeze-thaw events, exacerbated by climate change and seasonal transition, together with the 

ubiquitous ice nucleation-active (INA+) phytopathogen, Pseudomonas syringae, can result in frost 

damage to crops. Certain cold-hardy plant species undergo cold acclimation (CA) to increase survival in 

sub-zero temperatures. Here, CA was explored using the freeze-tolerant model cereal, purple brome or 

Brachypodium distachyon, comprising investigations on the accumulation of compatible solutes, plasma 

membrane (PM) proteome changes, microbial community changes, and analyses of the products of the B. 

distachyon ice recrystallization inhibition genes (BdIRI) and their capacities to combat ice and P. 

syringae. 

After CA, changes in PM-associated protein abundance were categorized as an early or a 

sustained response. By two days, plants showed reduced electrolyte leakage and freeze tolerance, 

regulated PM-associated proteins revealed extensive crosstalk between abiotic and biotic stress responses, 

and identified proteins offered new routes to engineer freeze-tolerant crops including chaperones, 

transporters, and receptors. CA also resulted in striking changes in the leaf microbiome with the INA+ P. 

syringae decreasing in relative abundance, coincident with an increase in the beneficial Streptomyces sp. 

M2. BdIRI products, though not identified in the PM proteome, are integral to the early CA response. 

Transgenic lines bearing a CA-induced rice promoter driving a miRNA that inhibited BdIRI translation 

showed no obvious developmental defects. However, transgenics displayed reduced antifreeze protein 

activity as assessed by IRI and thermal hysteresis along with increased electrolyte leakage, freeze 

susceptibility, and reduced INA+ attenuation compared to cold-acclimated wild type controls. Protein 

modelling suggested that antifreeze and leucine-rich repeat proteins of BdIRIs can dock to P. syringae ice 

nucleating proteins and the flagellin flg22 epitope, respectively. This suggests that BdIRIs not only protect 

against ice but have antipathogenic activities including the inhibition of ice nucleation and attenuation of 

energetically costly pattern-triggered immune responses during CA. 
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Overall, CA-orchestrated biochemical changes work collectively to provide not only tolerance to 

sub-zero temperatures but also INA+ phytopathogens. BdIRI gene products may thus be amongst the most 

promising for biotechnological innovation. These, and other proteins and pathways, comprise the 

integrated B. distachyon CA response and have inspired strategies for enhancing low temperature stress 

resistance in the future. 
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Chapter 1 

Literature Review and Introduction 

1.1 Part A: Literature Review  

1.1.1 Abstract 

Low temperatures pose extreme challenges to crops causing significant economic 

impacts. Frosts are responsible for more than 30% of weather-related insured crop losses in some 

temperate climate jurisdictions but are particularly devastating for small holdings and 

communities reliant on a bountiful harvest. Low temperatures are also frequently accompanied by 

other abiotic and biotic stresses, including pathogen attacks. Some pathogens have sub-zero 

temperature optima, while others leverage low temperatures to promote freezing at high sub-zero 

temperatures by way of ice-nucleating proteins in order to access intracellular nutrients. To 

survive low temperatures and the attendant risks, various plant species have evolved complex and 

intricate signaling networks, molecular mechanisms, and physiological changes, in addition to 

symbiotic relationships with microbiota. Enhancing low temperature survival and pathogen-

induced freezing tolerance in cold susceptible, agriculturally significant crops is an attractive area 

of research with immense translatable value to all aspects of society. This area of research will be 

particularly important in our near future as climate change increases the unpredictability of frosts, 

particularly in the spring and autumn. Against this backdrop, the world population continues to 

grow while arable land remains finite and wealth inequality exacerbates food poverty. In this 

review, we examine plant (i) low temperature stress, (ii) cold acclimation responses, particularly 

in crops (iii) antifreeze proteins, and (iv) frost-associated pathogens. Lastly, we suggest integrated 

approaches to improve crop frost tolerance. 
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1.1.2 Graphical abstract 
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1.1.3 Intro duction 

The ripples generated by the success or failure of the annual agricultural harvest permeate 

all aspects of society. From commercial growersô livelihoods to end-consumer prices in the 

supermarket to economic growth, maximizing crop yields is essential. With the world's 

population projected to reach 9.7 billion by the year 2050 (United Nations), an unprecedented 

number of mouths to feed requires unparalleled levels of crop output in the changing world. 

Climate change is altering growing conditions worldwide with models predicting an overall 

increase in Earth surface temperature; still, unpredictable conditions are also associated with 

increases in freeze-thaw events during the spring and autumn (Houghton et al., 2001; Smith et al., 

2004; Stainforth et al., 2005; Kreyling and Henry, 2011; Peng et al., 2016). Sudden frosts, 

particularly in the late autumn or early spring, are responsible for large economic losses in 

temperate growing regions. For example, a single frost event in April 2007 destroyed $2.7 billion 

worth of crops in the central plains and midwest USA (Warmund et al., 2008; Marino et al., 

2011; Kistner et al., 2018). Severe freezing in California resulted in an estimated economic loss 

of $7 billion in citrus, avocado, and additional crops (Smith et al., 2021). In the last 40 years, 

large-scale freezing events costing more than $1 billion dollars each, when added, totaled more 

than $31.1 billion after inflation (Smith et al., 2021). Indeed, there are more economic losses 

caused by frost damage in the USA than any other weather phenomena and estimated at $1.5 

billion annually (Jaroff, 1986; White and Haas, 1975; Snyder and Melo-Abreu, 2005; FAO, 

1993). Similarly in Greece, frosts account for 34.5% of weather-related insured crop losses, 

independent of losses at 26% due to hail (Papagiannaki et al., 2014). It is important to note that 

these concerns are not restricted to just a few countries, despite a lack of reporting on global 

economic losses due to frost damage. There are, in addition, numerous reports of ñfalse springò 

warming events resulting in freeze-thaw-freeze conditions around the world including North 

America, Europe, and Asia, which can lead to plant stress and reduced yields (Snyder and Melo-

Abreu, 2005; Chamberlain et al., 2019; Zhu et al., 2019; Zohner et al., 2020). Thus, the annual 
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compounded global economic value of crop losses, combined with secondary effects such as food 

losses, are extensive and present a major worldwide challenge (Snyder and Melo-Abreu, 2005). 

As mentioned, the hardship following crop destruction is not solely placed on farmers but 

also on local communities that can suffer secondary effects and aftershocks including 

unemployment and an economic downturn (Snyder and Melo-Abreu, 2005). If crop losses are 

sufficiently large, food shortages or increased prices at grocers for consumers may result, 

reducing food accessibility, particularly healthier food options, for vulnerable community 

members. Thus, crop loss due to low temperatures can have an impact on all aspects of society. 

Research into mitigating this stress has begun unravelling the convoluted molecular choreography 

that cold-hardy plants undergo to maintain homeostasis under low temperature, with hope that 

these strategies can be applied to crops that are vulnerable to such damage. 

Cereal grains account for the majority of dietary calories consumed by humans and 

livestock (Lafiandra et al., 2014) and thus the viability and profitability of these agriculturally 

important crops is of the utmost concern. Cereals such as wheat (Triticum aestivum), rice (Oryza 

sativa), and maize (Zea mays) represent the pillars of global food security, accounting for two-

thirds of human food consumption (Reeves et al., 2016). Freezing damage to such crops is a 

major worldwide problem (Stebelsky, 1983; Caprio and Snyder, 1984a; 1984b; Cox et al., 1986). 

Even in freeze-hardy cereals such as winter wheat, sporadic frosts can still cause untold damage, 

particularly during post-head emergence (Frederiks et al., 2015; Stebelsky, 2019). The adoption 

of the cold-tolerant grass, Brachypodium distachyon, as a model crop, aided by a fully sequenced 

genome (TIBI, 2010), provides an opportunity to improve our understanding of low temperature 

survival and to enhance cereal crop freezing tolerance (Colton-Gagnon et al., 2014; Bredow et 

al., 2016; Mayer et al., 2020). Improving the cold hardiness of more susceptible crop species will 

likewise allow for increased geographical distribution into more temperate regions and the 

opportunity to improve yields in moderately cold-hardy species that experience poor survival 
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after sudden frosts due to the time required to cold acclimate. In this review, we cover plant 

responses to cold and freeze stress, the plasma membrane, the molecular responses of the cell 

focusing on compatible solutes and antifreeze proteins (AFPs), pathogen-induced freezing, as 

well as the emerging realization of the importance of the microbiome in the cold stress response. 

Finally, we offer some opportunities to exploit this knowledge in the development of frost-

resistant crops. 

1.1.4 Classification of plants with respect to frost resistance 

With two-thirds of Earth's surface exposed to sub-zero temperatures annually and 64% of 

the surface experiencing an average minimum temperature below 0 °C (Beck et al., 2004; Rihan 

et al., 2017), many temperate plants have evolved mechanisms to maintain homeostasis under 

low temperature conditions. These responses can be classified into three categories of varying 

tolerance and sensitivity to sub-zero (<0 °C) and chilling temperatures (0ï15 °C), with plants 

grouped as either freezing tolerant, chilling tolerant, or chilling sensitive (Guy, 1990). 

Freezing tolerant plants typically originate from temperate regions and undergo a process 

termed cold acclimation when exposed to temperatures just slightly above 0 °C. Cold acclimation 

prepares plants for freeze stress at sub-zero conditions as well as ancillary stresses that may 

accompany low temperatures. Wheat, one of the worldôs three leading crops that contributes 20% 

of the calories consumed by the human population (Brenchley et al., 2012), is classified as 

freezing tolerant (Table 1.1). Similarly, forage grasses are generally freezing tolerant, with this 

evolutionary strategy for ñcold hardinessò covering varying degrees of low temperature 

adaptations observed among different species and different cultivars. For example, although the 

model dicot Arabidopsis thaliana, a mustard, is classified as modestly freezing tolerant, it differs 

in its capacity to survive sub-zero temperatures depending upon the geographical origin of the 

accession (Hannah et al., 2006). Similarly, freezing tolerance in the model monocot, the brome 
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Table 1.1 Examples of various plants classified as to their susceptibility to freezing or chilling 

and reported low temperature capacity, defined as the lowest survivable temperatures recorded 

based on treatments or cultivar following cold acclimation, if capable. 

Species Classification Capacity (°C) Reference 

Triticum aestivum (wheat) 
Freezing 

tolerant 
-20 °C Thomashow, 1998 

Solanum tuberosum (potato) 
Chilling 

tolerant 
-3 °C Chen et al., 1976 

Solanum lycopersicum 

(tomato) 

Chilling 

sensitive 
10 °C 

Saltveit and Morris, 

1990 

Oryza sativa (rice) 
Chilling 

sensitive 
17 °C Shakiba et al., 2017 

Arabidopsis thaliana (thale 

cress) 

Freezing 

tolerant 

-6 to -11 °C 

(depending on 

accession) 

Kaplan et al., 2004; 

Hannah et al., 2006 

Brachypodium distachyon 

(purple or stiff brome) 

Freezing 

tolerant 
-12 °C Mayer et al., 2020 

Lolium perenne (perennial 

ryegrass) 

Freezing 

tolerant 
-13 °C 

Thomas and James, 

1993 

Zea mays (maize) 
Chilling 

sensitive 
10 °C Rodríguez et al., 2014 

Nicotiana tabacum (tobacco) 
Chilling 

sensitive 
2 °C Zhao L. et al., 2009 

Rhododendron catawbiense 

(purple ivy) 

Freezing 

tolerant 
-54 °C Wei et al., 2005 
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Brachypodium, is also dependent on ecotype origin (Colton-Gagnon et al., 2014). 

In contrast, chill-sensitive plants typically originate from tropical and subtropical regions. 

They are incapable of cold acclimation and show chilling injury with leaf wilting and growth 

reduction or arrest at non-freezing temperatures generally below 15 °C (Suzuki and Mittler, 

2006). ñChilling temperaturesò reportedly range from 0ï10 °C (Palva and Heino, 1997), 0ï12 °C 

(Hu et al., 2019), 0ï15 °C (Yadav, 2010; Soufi et al., 2015), or even 0ï20 °C (Zhuang et al., 

2015), and in fact, individual chilling stress limits are species-dependent. Of the three major crop 

species, two, rice and corn are chilling sensitive (Table 1.2), and together constitute 22.5% of the 

calories consumed by humans (Reeves et al., 2016). Notably, although some chill-sensitive plant 

species have been reported to carry genes associated with cold tolerance in other species, they 

lack the capacity for low temperature tolerance seen in hardier species (Zhang and Huang, 2010). 

Chilling tolerance is shown by those plants that can survive low temperatures and high 

sub-zero temperatures that would kill chilling sensitive plants, and generally originate in 

temperate climates rather than tropical regions. A few species classified as chill tolerant can 

survive high sub-zero temperatures following a type of cold or chilling acclimation response 

involving the expression of cryoprotectant genes associated with periods of reduced light levels 

or sub-optimal growing temperatures (Chen et al., 1976; Barrero-Gil et al., 2016). The capacity to 

survive, and also to continue to grow at high sub-zero temperatures is unlikely to require 

tolerance for ice formation since osmolytes depress the freezing point, but alterations to ensure 

membrane fluidity at sub-zero temperatures as well as some protection from reactive oxygen 

species would be crucial (Nievola et al., 2017). Chilling tolerance to -3 °C, for example, is shown 

by certain greenhouse crops but also includes some tuberous plants such as potatoes that make 

major contributions to important dietary calories in some regions of the world (Table 1.1) (Chen 

et al., 1976). Sometimes a chill-tolerant classification is more difficult to make, with some  



 

 

 

8 

 

Table 1.2 Examples of plasma membrane-localized proteins used to generate transgenic plants and their corresponding phenotypes with respect to 

freeze tolerance. 

Gene Origin Species Host Species Effect Reference 

Phospholipase Dŭ Arabidopsis thaliana Arabidopsis thaliana 

Overexpression enhanced freezing tolerance 

and increased production of phosphatidic 

acid 

Li et al., 2004 

Lipoprotein like protein 

(lipocalin) (At1g76180) 
Arabidopsis thaliana Arabidopsis thaliana 

Overexpression reduced electrolyte leakage 

in leaves and enhanced freezing survival in 

protoplasts 

Uemura et al., 

2006 

Dehydrin ERD14 

(At1g76180) 
Arabidopsis thaliana Arabidopsis thaliana 

Overexpression enhanced freezing survival 

in protoplasts 

Uemura et al., 

2006 

MpRCI 

Musa paradisiaca 

(banana plantain 

hybrid) 

Nicotiana tabacum 

(tobacco) 

Overexpression enhanced low temperature 

tolerance and membrane protection 

Feng et al., 

2009 

MusaPIP1;2 

Musa paradisiaca 

(banana plantain 

hybrid) 

Musa paradisiaca 

(banana plantain 

hybrid) 

Overexpression enhanced proline 

accumulation, relative water content, 

recovery, and reduced lipid peroxidation 

Sreedharan et 

al., 2013 

PsCor413pm2 
Phlox subulate 

(creeping phlox) 
Arabidopsis thaliana 

Enhanced low temperature tolerance, 

increased Ca2+ flux, and increased COR and 

CBF genes 

Zhou et al., 

2018 
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MdCPK1a 
Malus domestica 

(apple) 

Nicotiana tabacum 

(tobacco) 

Overexpression enhanced freezing survival, 

salt and cold tolerance, increased root 

length, reduced membrane damage, reduced 

lipid peroxidation, and increased 

antioxidants 

Dong et al., 

2020 

MaPIP2-7 
Musa acuminata 

(banana) 

Musa acuminata 

(banana) 

Overexpression reduced lipid peroxidation 

and enhanced membrane protection, 

chlorophyll content, soluble sugars, and 

ABA 

Xu et al., 2020 

LeGPA1 
Lycopersicon 

esculentum (tomato) 

Lycopersicon 

esculentum (tomato) 

Overexpression enhanced cold tolerance, 

increased antioxidants, sugar, and proline 

accumulation, and reduced ROS and lipid 

peroxidation 

Guo et al., 

2020 

LeCOR413PM2 
Lycopersicon 

esculentum (tomato) 

Lycopersicon 

esculentum (tomato) 

Overexpression enhanced cold tolerance, 

reduced membrane damage and ROS, 

increased osmolytes and antioxidants 

Zhang et al., 

2021 
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researchers simplifying the categories to two. This is because young tissue in chill-tolerant plants 

may be more sensitive to low temperatures and thus be designated as chilling susceptible, and 

cold acclimation or the exposure to low, but above zero, temperatures can increase low 

temperature survival to the point of classification as freeze tolerance. 

As temperatures lower, the plasma membrane begins to undergo phase shifts and can 

become increasingly rigid, while enzymatic efficiency decreases (Ding and Pickard, 1993); Plieth 

et al., 1999; Örvar et al., 2000; Zhu et al., 2007; Guy et al., 2008; Heidarvand and Amiri, 2010; 

Miura and Furumoto, 2013; Guo et al., 2018). Freezing can lead to compromised plasma 

membranes and proteins, particularly nuclear proteins, as well as damage resulting from freeze-

induced cellular dehydration, whereas damage attributed simply to chilling stress may be 

reversed, at least partially (Melo-Abreu et al., 2016). Low temperatures also slow down 

metabolic and photosynthetic rates resulting in reduced biomass, lower yields, and earlier 

senescence (Huner et al., 1993; Sangiorgio et al., 2020). Against this backdrop of metabolic and 

cellular changes; however, the consequences of the ability to cold acclimate can be remarkable, as 

evidenced in woody plants such as purple ivy, Rhododendron catawbiense, whose capacity for 

freezing tolerance remarkably improves from -7 °C to -53 °C (Wei et al., 2005). 

1.1.5 Cold perception and signaling responses 

The efficient perception of low temperature and the successful initiation of downstream 

signaling is critical for rapid and sustained cold stress responses. The plasma membrane is 

responsible for the detection of low temperatures and is central for signaling responses (Mikami 

and Murata, 2003; Los and Murata, 2004; Solanke and Sharma, 2008). Cold sensing is initiated in 

part by increased membrane rigidity and activation of mechanosensitive Ca2+ channels that 

activate downstream signaling events key to cold tolerance (Figure 1.1B, C) (Ding and Pickard, 

1993; Plieth et al., 1999; Örvar et al., 2000; Miura and Furumoto, 2013; Guo et al., 2018). While  
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Figure 1.1 Illustration depicting the responses to cold stress including the endogenous cellular 

perception, Ca2+ influx, initiation of signaling pathways, and the subsequent responses of ICE-

CBF-COR transcriptome reprogramming. Shown in the figure are antifreeze proteins (AFPs) 

excreted to the extracellular space, an increase of stress intracellular and plasma 

membrane proteins, accumulation of compatible solutes, plasma membrane lipid remodelling to a 

higher degree of unsaturation, metabolome reprogramming leading to differed root exudates, and 

subsequent microbial changes including colonization by stress-associated symbionts. Created, in 

part, with BioRender.com. 

  



 

 

 

12 

a single ñcold sensorò protein remains elusive, a plasma membrane G-protein signaling receptor, 

COLD1, is a likely candidate in rice, Oryza sativa (Knight and Knight, 2012; Ma et al., 2015). 

Other cold receptor candidates in other species include cyclic-nucleotide gated channels, 

glutamate receptors, and phytochrome B proteins (Meyerhoff et al., 2005; Finka et al., 2012; Ma 

et al., 2015; Shi et al., 2015; Jung et al., 2016; Weiland et al., 2016; Guo et al., 2018). Cyclic-

nucleotide gated channels are a large family of cation plant channels, most of which localize to 

the plasma membrane (Zelman et al, 2012). In chilling tolerant Arabidopsis and chilling sensitive 

rice, CaĮ  channel proteins have been shown to accumulate during low temperature conditions 

suggesting a function in the response cold stress with the rice protein, OsCNGC6, increasing 192-

fold in response to cold stress (Shao et al., 2008; Nawaz et al., 2014). Glutamate receptors are 

also known to mediate CaĮ  membrane fluxes. The glutamate receptor channel-like gene, 

AtGLR3.4, appears to be upregulated during cold stress with a corresponding increase in 

cytosolic CaĮ  levels, the primary currency of plant stress response signaling (Meyerhoff et al., 

2005; Weiland et al., 2016; Kudla et al., 2010). Additionally, a Brachypodium plasma membrane 

glutamate receptor (Bradi4g30850.1) increased in relative abundance following cold stress 

(Juurakko et al., 2021b). Supporting its role as a cold detector, the photoreceptor phytochrome B 

has been demonstrated as a potential thermosensor in Arabidopsis (Jung et al., 2016) as well as 

the discovery that rice phytochrome B mutants show enhanced chilling tolerance and membrane 

stability associated with the positive regulation of OsDREB1 expression (He et al., 2016). 

Following the perception of low temperatures through various ñcold sensorsò, cellular 

response is largely controlled by the inducer of CBF expressions (ICEs), C-repeat binding factors 

(CBFs), and cold-responsive genes (CORs), which together are known as the ICE-CBF-COR 

pathway (Wang et al., 2017). In Arabidopsis, this pathway is regulated by ICE1 (Chinnusamy et 

al., 2003; Wang et al., 2017; Zhai et al., 2018). The initiation of the ICE-CBF-COR cold 

response pathway is dependent on upstream Ca2+ signatures, decoded by Ca2+ binding proteins 
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containing EF-hand motifs such as calmodulin, calmodulin-like proteins, or calcium-dependent 

protein kinases (Ranty et al., 2006; Perochon et al., 2011). These Ca2+ sensors relay signals via 

phosphorylation events and the activation of signal cascades including the mitogen-activated 

protein kinase (MAPK) cascade (Guo et al., 2018). The resulting cold responses include reactive 

oxygen species (ROS) production, metabolite production, or transcriptional reprogramming via 

the ICE-CBF-COR pathway through ICE1 transcription factors that positively regulate CBF 

transcription factors and in turn, COR genes (Wang et al., 2017; Guo et al., 2018). COR genes 

are the key to low temperature response and result in the downstream production of proteins 

including many that localize and may stabilize the plasma membrane (Thomashow et al., 1997; 

Barrero-Sicilia et al., 2017; Baumann, 2017). 

Ca2+ is not solely responsible for the regulation of gene expression after cold stress. 

Steroid plant hormones, known as brassinosteroids (BRs), mediate increases in expression of 

CBFs with BRs signaling mutants showing sensitivity and hypersensitivity to cold stress 

(Eremina et al., 2016a; Li et al., 2017b). BR signaling within the cell begins with the plasma 

membrane-bound receptor, brassinosteroid insensitive 1 (BRI1; Eremina et al., 2016a) and has 

been shown to affect the expression of CBFs and other TFs that regulate CBF-dependent and 

CBF-independent COR genes (Planas-Riverola et al., 2019). However, the complete mechanisms 

of BR signaling remain to be uncovered. 

Other hormones including the non-steroidal phytohormones gibberellins, abscisic acid, 

jasmonic acid, and ethylene can also affect gene expression during the cold response (Eremina et 

al., 2016b; Hu et al., 2017). Auxin hormones, including indole-3-acetic acid, are known to 

enhance salt and drought tolerance, and are also affected by similar CBF-COR signaling 

pathways, with drought-responsive proteins increasing in abundance during cold acclimation 

(Xiong et al., 2002; Mahajan and Tuteja, 2005; Shi et al., 2017; Alam et al., 2020; Zafar et al., 

2020; Zhang et al., 2020). Indeed, CBFs are also referred to as dehydration-responsive elements 
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(DREs) and collectively referred to as DRE/CBFs (Akhtar et al., 2012). The relationship between 

drought and cold resistance may not be a surprise; if freezing eventually takes place, water in the 

apoplast will likely be tied up in ice and not bioavailable. Hormone-signaling mediators have 

been shown to either directly interact with CBF promoters or with regulators through hormone 

signaling pathways that are crucial for plant development and adequate response to cold stress 

(Barrero-Gil and Salinas, 2017). Other signaling molecules such as nitric oxide, phosphatidic 

acid, and H2O2 also have been shown to be involved in cold response signaling in Arabidopsis 

and rice (Prasad et al., 1994; Zhao et al., 2009; Cantrel et al., 2011; Zhou et al., 2014; Huo et al., 

2016). 

The signaling cascade of MAPK, MAPKK, and MAPKKK proteins is typical in plant 

communication and response. Recent evidence demonstrates that MAPK cascades are crucial in 

relaying the low temperature response decoded by Ca2+ sensors following Ca2+ influx. Cold 

response MAPK signaling is utilized in various plant species including, but not limited to, 

Arabidopsis, rice, and tomato (Solanum lycopersicum), with evidence suggesting crosstalk 

between various signaling pathways (Lv et al., 2017; Guo et al., 2018). As well, this signaling 

cascade can directly induce expression of COR genes as shown in Arabidopsis by way of 

mitogen-activated protein kinase kinase 2 (Teige et al., 2004) or indirectly regulate COR genes as 

shown via MPK3/6 phosphorylation of ICE1 (Li et al., 2017a; Zhao et al., 2017). In sum, MAPK 

cascades can function as essential messengers between signals responsible for elucidating cold 

perception at the plasma membrane and cellular responses. The complex regulation of CBFs 

expression through various hormones, Ca2+ ions, and other signaling molecules and pathways, 

particularly the MAPK cascade, indicates that the ICE-CBF-COR pathway acts as a gatekeeper 

for growth and development versus stress response and survival. 
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1.1.6 The role of the plasma membrane 

As indicated, the plasma membrane plays a crucial role in the initial perception of low 

temperatures and the initiation of downstream signaling events, but it is also responsible for the 

transport of proteins, ions, metabolites, nutrients, and water into and out of the cell (Komatsu, 

2008; Conde et al., 2011; Wang Y. et al., 2018). It has also been implicated in the regulation of 

cell differentiation and proliferation (Perrot-Rechenmann, 2010; Liu et al., 2015). Since the 

plasma membrane itself is a major site of freezing injury (Yamazaki et al., 2008), an early 

response to low temperature perception is the accumulation of proteins for membrane protection 

and stabilization including antifreeze proteins, plasma membrane-localized COR proteins, and 

enzymes responsible for fatty acid synthesis and plasma membrane lipid remodelling (Ishizaki-

Nishizawa et al., 1996; Sakamoto and Murata, 2002; Hundertmark and Hincha, 2008; Zhou et al., 

2018). 

The adaptive role of the protein and lipid composition of the plasma membrane under 

cold stress is widely known (Uemura and Yoshida, 1984; Uemura and Steponkus, 1994; Webb et 

al., 1994; Uemura et al., 1995; Miki et al., 2019; Kamal et al., 2020; Li et al., 2020; Juurakko et 

al., 2021b). As a consequence, key regulators of cold acclimation and freezing tolerance in rye 

(Secale cereale), oats (Avena spp.), rice, and Arabidopsis have been sought in the plasma 

membrane proteome (Uemura and Yoshida, 1984; Uemura and Steponkus, 1994; Webb et al., 

1994, Uemura et al., 1995; Kawamura and Uemura, 2003; Komatsu, 2008). Early studies utilized 

two-dimensional gel electrophoresis, which may have under-represented membrane-associated 

proteins (Santoni et al., 2000; Görg et al., 2004; Rabilloud, 2009). Many more proteins have been 

identified using nano-flow reverse-phase liquid chromatography mass spectrometry in (e.g. Li et 

al., 2012; Takahashi et al., 2014; Miki et al., 2019; Juurakko et al. 2021b). Phosphoproteomics is 

predicted to reveal still more membrane proteins involved in cold stress tolerance by identifying 

differentially phosphorylated proteins (Kamal et al., 2020), which, undoubtedly, will include 
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those with significant roles in cold acclimation signaling responses, and should be adopted when 

possible in future research. 

Not surprisingly, putative cryoprotective proteins increase in abundance at the plasma 

membrane and likely are important in response to freezing stress. These include dehydrin family 

proteins that may protect proteins and the membrane against water loss (Kosová et al., 2007). 

Synaptotagmins, including some that bind Ca2+, as well as lipocalins are cold-responsive and 

likely function in resealing the membrane following freeze-induced rupture (Reddy et al., 2001; 

Frenette Charron et al., 2002; Yamazaki et al., 2008). In addition to cryoprotectant proteins, 

proteins involved in signaling also increase after low temperature exposure such as glutamate 

receptors (Gong et al., 2019; Wong, 2019) or cyclic-nucleotide gated channels (Finka et al., 

2012; Jha et al., 2016). As well, there are increases in the levels of numerous transporters 

responsible for maintaining cellular homeostasis or the transport of compatible solutes such as 

Sugars Will Eventually Be Exported Transporters (SWEETs) (Wang et al., 2018). 

In addition to proteomic alterations, the plasma membrane undergoes significant lipid 

remodelling at low temperatures. Phospholipase Dŭ (PLDŭ) is activated in the cold and serves to 

enhance freeze tolerance in Arabidopsis through lipid remodelling as well as the mechanical 

stabilization of plasma membranes (Gardiner et al., 2001; Ruelland et al., 2002; Li et al., 2004; 

Bargmann and Munnik, 2006). Likewise, membrane phospholipase D increased in response to 

cold acclimation in Brachypodium (Juurakko et al., 2021b). Shifts towards a higher degree of 

unsaturated fatty acids have been shown to enhance freezing tolerance in higher plants and 

cyanobacteria (Wada et al., 1990; Murata et al., 1992). In addition to increasing the unsaturation 

of membrane lipids by desaturases, plants also have been shown to decrease fatty acid chain 

length, alter lipid class composition (primarily increasing the proportions of unsaturated 

phosphatidylcholine and phosphatidylethanolamine), and alter lipid to protein ratios in response 

to cold stress (Browse and Somerville, 1991; Ishizaki-Nishizawa et al., 1996; Wallis and Browse, 
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2002; Uemura et al., 2006; Zheng et al., 2011; Sakai and Larcher, 2012; Takahashi et al., 2013; 

Barrero-Sicilia et al., 2017). Genes encoding some of these membrane-associated protein 

products have been used to generate transgenic plants to test if their expression or overexpression 

can enhance freeze tolerance, and in most cases these experiments have confirmed their roles in 

plasma membrane-mediated low temperature tolerance (Table 1.2). 

1.1.7 Cold acclimation 

In many plants that have evolved in temperate and polar climates, once a decrease in light 

levels and/or a low temperature signal is perceived, there is an initiation of signaling cascades that 

ultimately lead to extensive transcriptomic reprogramming, as well as biochemical, physiological, 

and metabolic changes. This so-called ñcold acclimationò process confers chilling or freeze 

tolerance, which ultimately maintains homeostasis and diminishes damage associated with low 

temperatures within a range that may be cultivar-specific. Under natural conditions, cold 

acclimation is induced by low, non-freezing temperatures that are accompanied by decreased 

photoperiods as would be typical of autumn and comprises species-specific responses that prepare 

the plant for subsequent freezing events (Thomashow, 1999). 

Cold acclimation is not an irreversible phenomenon; it appears to be initiated relatively 

rapidly and many of the associated changes can revert to the near status quo quickly as well. A 

few biochemical signatures of the initial acclimation event seem to remain following de-

acclimation, presumably as insurance against a sudden resurgence of low temperatures (Miki et 

al., 2019); Vyse et al., 2019). Cold acclimation includes several hallmark changes within the cell, 

the extracellular matrix, as well as the previously discussed plasma membrane, which together 

contribute to enhanced freezing tolerance. There is an intracellular accumulation of low-

molecular weight compatible solutes, or osmolyte cryoprotectants, including sucrose, glucose, 

raffinose, fructans, and trehalose, as well as amino acids such as proline, and other organic 

compounds like glycine betaine (Chu et al., 1978; Duncan and Widholm, 1987; Pontis, 1989; 
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Guy et al., 1992; Koster and Lynch, 1992; Larsson et al., 1992; Chen et al., 2000; Kaplan et al., 

2004; Klotke et al., 2004; Zuther et al., 2004; Rekarte-Cowie et al., 2008; Livingston et al., 2009; 

Karabudak et al., 2014; Lunn et al., 2014; Roychoudhury and Banerjee, 2016; Siddique et al., 

2018; Liu et al., 2019). For example, sucrose accumulation in Brachypodium increased seven-

fold after cold acclimation (Juurakko et al., 2021b). Sucrose and other osmolytes primarily act as 

intracellular cryoprotectants against freeze-induced cellular dehydration and are important for 

membrane integrity. Cellular dehydration is risky and is accompanied by ROS generation, 

inactivation and precipitation of enzymes and proteins, and if the loss of cell volume is great 

enough, the collapse of membrane structures and loss of compartmentation (Pearce, 1980; Guy, 

1990; Pearce and Ashworth, 1992; Wisniewski et al., 1997; Thomashow, 1998; Pearce and 

Fuller, 2001; Johnson, 2018). In response to ROS accumulation during cold acclimation, there is 

an increase in antioxidant abundance including superoxide dismutase, catalase, and peroxidases 

(Eshdat et al., 1997; Hashimoto and Komatsu, 2007; Sato et al., 2011; Kim et al., 2012; He et al., 

2018; Hsu and Hsu, 2019; Zhou et al., 2019). The increased levels of molecular chaperones and 

ROS scavengers is critical to maintain proper protein folding under stress as well as the reduction 

of stress-accumulated ROS (Örvar et al., 2000; Los and Murata, 2004). 

The plant microbiome is now being recognized as conferring additional freeze tolerance 

for the host species, representing a symbiont-mediated stress tolerance, for hosts (Hardoim et al., 

2015; Kumar and Verma, 2018; Rho et al., 2018; Acuña-Rodríguez et al., 2020; Liu et al., 2020). 

Although we will discuss microbial communities later in this review, it is simply noted here that 

changes in the microbiota have been documented subsequent to cold acclimation (Etemadi et al., 

2018; Acuña-Rodríguez et al., 2020; Beirinckx et al., 2020; Porter et al., 2020). Thus, the 

microbiome appears to play a supportive role in cold acclimation and such investigations should 

be included in future acclimation studies. 
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An ancillary benefit of cold acclimation is that plants are primed for other abiotic or 

biotic stresses that frequently accompany low temperatures (Fujita et al., 2006; Yoshioka and 

Shinozaki, 2009; Rejeb et al., 2014). Typical stress responses associated with freeze stress 

include salt, drought, and osmotic stress as the solute concentration increases following apoplast 

ice formation (Steponkus, 1984; Pearce, 2001; Mishra et al., 2016; Bredow and Walker, 2017). 

Some pathogens active at low temperatures can nucleate ice, resulting in plant wounding so that 

they have direct access to the tissues, in addition to entry through hydathodes and stomata 

(Lindow et al., 1982; Ashworth and Kieft, 1995; Wisniewski and Fuller, 1999; Pearce and Fuller, 

2001). Therefore, it is not surprising that plants can prime their immune response by increasing 

disease and defence proteins as part of the cold acclimation cascade. This is facilitated by 

crosstalk between stress responses (Sharma et al., 2013; Mishra et al., 2016). Indeed, as noted 

earlier, the central signaling response transcription factors CBFs known for a low temperature 

response are also referred to as drought-responsive elements as they additionally function in 

drought response signaling pathways (Lata and Prasad, 2011). The inputs and outputs of a general 

plant cold acclimation response are illustrated in Figure 1.1. 

1.1.8 Compatible solutes 

Maintenance of metabolic flux is crucial for low temperature survival. To achieve this, 

plants accumulate low molecular weight solutes referred to as compatible solutes or osmolytes. 

Osmotic stress protection is especially important since drought and salt stress often accompany 

freezing. Cellular dehydration occurs due to an increased extracellular solute concentration when 

solutes are excluded from apoplast ice. Key metabolites include amino acids, polyamines, 

polyols, and soluble sugars (Levitt, 1958; Krasensky and Jonak, 2012). Sugars such as raffinose, 

fructose, glucose, and sucrose either directly or indirectly protect cellular membrane integrity or 

act as ROS scavengers (Strauss and Hauser, 1986; Tarkowski and Van den Ende, 2015). Fructans, 

fructose-based oligosaccharides and polysaccharides, and raffinose family oligosaccharides 
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stabilize membranes by insertion between the polar head groups of lipids (Vereyken et al., 2001; 

Hincha et al., 2003). Raffinose family oligosaccharides are thought to be restricted to the 

chloroplast inner-membrane, while fructans stabilize the tonoplast and possibly cell membranes 

(Tarkowski and Van den Ende, 2015). Sucrose distribution is more general and can stabilize 

membranes and reduce permeability through direct interaction with phosphate in lipid headgroups 

(Strauss and Hauser, 1986). High concentrations may be required to be effective; for example, 

sucrose levels in Brachypodium leaves reach as high as 38 mg gī1 fresh weight after a week of 

cold acclimation (Juurakko et al., 2021b). Sugars also depress the freezing point colligatively thus 

contributing to freeze protection (Hagiwara et al., 2006; Walters et al., 2009; Wen et al., 2016; 

Kiran-Yildirim and Gaukel, 2020). Compatible solutes are also known to function in signaling, 

regulating COR gene expression and freezing tolerance (Tabaei-Aghdaei et al., 2003; Ramon et 

al., 2008; Ruan, 2014) as well as other abiotic and biotic stress responses (Van den Ende and El-

Esawe, 2014). 

Sugars appear to play a role in regulating their own production with sucrose directly 

activating transcription factors that control fructan synthesis (Kooiker et al., 2013). The 

hardening of winter wheat is accompanied by sucrose signaling and synthesis of fructans, 

possibly explaining the significantly greater sucrose accumulation in cold-hardy plants 

(Kawakami and Yoshida, 2002; Horacio and Martinez-Noel, 2013; Van den Ende and El-Esawe, 

2014). Consequently, the expression of sugar transporters such as tonoplast monosaccharide 

transporters, and SWEETs have implications in cold stress tolerance with their expression likely 

regulated by their substrates as well as low temperatures with evidence from Arabidopsis 

SWEET16 overexpression lines showing enhanced freezing tolerance (Wormit et al., 2006; 

Klemens et al., 2013; Peukert et al, 2014). These carbohydrates can scavenge ROS, preferentially 

undergoing oxidation as means to prevent direct cellular damage by ROS (Nishizawa-Yokoi et 

al., 2008). Remarkably, sugars are more efficient at scavenging hydroxyl radical molecules, the 
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most reactive and deleterious ROS, than the classical ROS scavenging enzymes (Stoyanova et al., 

2011; Sharma et al., 2012). If intracellular sugars are released during freeze-induced membrane 

damage or wounding, they are recognized as damage-associated molecular patterns or pathogen-

associated molecular patterns. Receptors then prime an innate immune response, termed ñsweet 

immunityò (Ceusters et al., 2016; Tarkowski et al., 2019). Fructans may also act as damage or 

pathogen-associated molecular patterns resulting in cross-tolerance for freezing damage and 

pathogen invasion (Versluys et al., 2017). Combined with the well-known correlation of cold 

stress and disease resistance, sweet immunity provides another compelling example of 

mechanistic cross-tolerance. 

Proline can also act as a compatible solute and after accumulation, contributes to low 

temperature resistance and a host of other biotic and abiotic stresses including salinity, drought, 

heavy metal, pathogen, nutrient deficiency, ultraviolet light, and air pollution (Buhl and Stewart, 

1983; Rhodes et al., 1986; Saradhi et al., 1995; Kiyosue et al., 1996; Peng et al., 1996; Hare and 

Cress, 1997; Siripornadulsil et al., 2002; Ashraf and Foolad, 2007; Verbruggen and Hermans, 

2008; Verslues and Sharma, 2010; Wang et al., 2015). Through unknown mechanisms, proline 

has been shown to enhance stress tolerance by improving membrane stability, ROS scavenging, 

and energy and nitrogen storage (Ashraf and Foolad, 2007; Szabados and Savoure, 2010). 

Evidence is accumulating that a wide variety of chilling tolerant or freezing tolerant plant species 

increase proline accumulation including wheat, petunia (Petunia hybrida), alfalfa (Medicago 

falcata) and citrus trees (Citrus ssp.) (Yelenosky, 1979; Yamada et al., 2005; Habibi et al., 2011; 

Zhuo et al., 2018). Freeze-hardy Brachypodium increases proline levels three-fold after 24 h of 

cold acclimation at 4 °C (Ryu et al., 2014). When engineered to overexpress the CBF1 gene, 

transgenic Brachypodium showed a 95-fold increase in proline content under the same conditions 

(Ryu et al., 2014). These engineered plants were more freeze hardy than controls and also showed 
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resistance to salt and drought stress; however, since compatible sugars were also elevated, the 

contribution of proline alone to these phenotypes is not clear. 

Glycine betaine (betaine) is another compatible solute that provides some capacity for 

cold tolerance and was shown to accumulate after cold stress in certain species (Kishitani et al., 

1994; Allard et al., 1998; Xing et al., 2001). For example, barley (Hordeum vulgare) accumulates 

relatively high levels of betaine while other species such as Arabidopsis and tomato 

(Lycopersicon esculentum) lack the metabolic machinery to synthesize betaine from choline or 

glycine (Kerovuo et al., 2000; Sakamoto and Murata, 2002; Park et al., 2004). When these 

pathways were engineered into plants that lacked them, abiotic stress resistance was achieved 

(Sakamoto and Murata, 2002). Such transgenic cold-hardy plants include those with traditionally 

varying levels of low temperature tolerance including chilling sensitive tomato, rice, maize, and 

tobacco (Nicotiana tabacum), chilling tolerant potato and canola, as well as freeze resistant 

wheat, Arabidopsis, Brachypodium, and perennial ryegrass (Chen et al., 1976; Saltveit and 

Morris, 1990; Thomas and James, 1993; Thomashow, 1998; Kaplan et al., 2004; Zhao et al., 

2009; Waalen et al., 2011; Rodríguez et al., 2014; Shakiba et al., 2017; Mayer et al., 2020). The 

accumulation of betaine and the successful recovery of transgenic plants showed enhanced abiotic 

stress tolerance (Chen and Murata, 2002, 2008). These included Arabidopsis (Hayashi et al., 

1997; 1998; Sakamoto et al., 2000; Sulpice et al., 2003), rice (Sakamoto and Murata, 1998; 

Kathuria et al., 2009), tomato (Park et al., 2007a; 2007b), tobacco (Nicotiana tabacum) 

(Holmström et al., 2000), wheat, maize (Quan et al., 2004), potato (Solanum tuberosum) (Ahmad 

et al., 2008), and cotton (Gossypium hirsutum) (Lv et al., 2007). Betaine accumulates in 

reproductive organ tissue (Chen and Murata, 2011) giving it the potential to increase commercial 

yields. Improving cold tolerance, biomass, and yield in tomatoes using transgenic betaine-

boosting strategies has been a long-standing goal (Park et al., 2004; Park et al., 2007a; Park et al., 

2007b). As an added benefit, betaine offers protection to photosynthetic machinery under stress 
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when targeted to the chloroplasts (Papageorgiou et al., 1991; Allakhverdiev et al., 1996; Hayashi 

et al., 1997; Kondo et al., 1999; Sakamoto et al., 2000). Perhaps just as important, betaine 

stabilizes membranes and reduces electrolyte leakage (Deshnium et al., 1997; Sakamoto et al., 

2000), again highlighting the importance of membrane stability and the role of betaine in abiotic 

stress resistance. 

Although it seems daunting, attempts have also been made to manipulate other osmolyte 

biosynthesis pathways to produce transgenic plants with enhanced freeze tolerance, sometimes 

with mixed results. For example, placing genes for the biosynthesis of proline and trehalose under 

a constitutive promoter resulted in tobacco and tomato plants with abnormal vegetative and root 

phenotypes (Goddijn et al., 1997; Cortina and Culiáñez-Macià, 2005; Giri, 2011). However, 

when these genes were placed under the control of stress-inducible promoters they showed more 

normal phenotypes under normal conditions, as well as increased drought, salt, and cold tolerance 

with enhanced growth under cold stress (Su and Wu, 2004; Miranda et al., 2007; Iordachescu and 

Imai, 2008). Although judicious use of appropriate promoters is generally optimal, transgenic rice 

engineered to constitutively accumulate trehalose had enhanced drought, salt, and cold tolerance 

and retained a normal phenotype (Jang et al., 2003). Transgenic rice with constitutively elevated 

betaine levels in both stressed and unstressed environments also appeared to have a normal 

phenotype (Su et al., 2006). Taken together, these studies suggest that optimal osmolyte titres for 

both normal growth and at low temperature may be species-dependent. Alternatively, it is 

possible that monocots, exemplified by the rice experiments, may be less susceptible to 

detrimental effects of solute accumulation during development as ñinsuranceò against unexpected 

abiotic stress events compared to some dicots 

1.1.9 Antifreeze proteins 

Of the many proteins that increase in abundance during cold acclimation there are the 

AFPs, also known as ice-binding proteins (IBPs), thermal hysteresis proteins, or more 
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traditionally in plants as ice-recrystallization inhibition proteins. Thermal hysteresis, or the 

difference between the solution freezing point and melting point, was first observed in 

mealworms and then Antarctic fish more than 50 years ago, and this was followed by the 

isolation of proteins with this activity from a variety of polar, alpine, and temperate climate 

organisms including winter rye (Grimstone et al., 1968; DeVries and Wohlschlag, 1969; Griffith 

et al., 1992). Since then, AFP activity has been reported in a variety of bacteria, fungi, algae, and 

over 60 species of plants, with AFPs reportedly purified from at least 15 plants (e.g. Duman and 

Olsen 1993, Bayer-Giraldi et al. 2014, Gupta and Deswal 2014, Gwak et al. 2014 and Jung et al. 

2016). 

AFPs function by adsorbing to embryonic ice crystals and thus limiting ice growth until 

the equilibrium temperature is exceeded (Jia and Davies, 2002). One of the best characterized 

plant AFPs is from a forage crop, perennial ryegrass, Lolium perenne (Lauersen et al., 2011; 

Middleton et al., 2012). The L. perenne AFPs (LpAFP) evolved from a common ancestral gene 

following the divergence of the subfamily Pooideae about 35 million years ago (Sandve et al., 

2008). These AFPs are unlike the proteins from other organisms in that they are bipartite, 

containing an amino leucine-rich repeat domain and a beta-helical carboxyl ice-binding domain. 

The Pooideae AFPs likely evolved from a sequence similar to rice phytosulfokine receptor 

tyrosine kinase gene, OsLRR-PSR (Sandve et al., 2008). The carboxyl intracellular receptor 

kinase of the ancestral protein was replaced with a beta solenoid ice-binding domain presumably 

through ice-binding motif duplication events attributable to recombination errors (Sandve et al., 

2008). The leucine-rich repeat domain, however, is similar to the extracellular receptors of the 

widely known flagellin receptor, flagellin-sensing 2 (FLS2) from Arabidopsis, thus suggesting 

that it may have a role in the recognition of pathogen-associated molecular patterns (Bredow and 

Walker, 2017). We have mentioned that there are common signatures in low temperature and 
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pathogen stress response pathways, and rather remarkably, the grass AFP appears to combine 

these elements in its primary translation product. 

Similar bipartite AFPs are found in other subfamily Pooideae members including barley, 

wheat, as well as Brachypodium (Tremblay et al., 2005; Bredow et al., 2016; Bredow et al., 

2018). The freezing tolerant carrot, Daucus carota, encodes a beta-solenoid AFP (Worrall et al., 

1998; Meyer et al., 1999; Snyder and Melo-Abreu, 2005; Wang et al., 2020). Like the grass 

AFPs, there is a relationship with defense responses in that this sequence is similar to plant 

polygalacturonase inhibitor proteins that contain leucine-rich repeat motifs and that function to 

inhibit degradative enzymes secreted by plant pathogens (Cervone et al., 1987; De Lorenzo and 

Ferrari, 2002). It appears that the outward-facing residues of the ancestral protein that would have 

interacted with pathogens have been exchanged for less charged residues in order to produce a 

flat, ice-binding surface in the AFP. Such flat surfaces are characteristic of AFPs, composed of 

short, and often repetitive, hydrophobic, solvent-facing residues (Figure 1.2). Less well 

characterized AFPs have also been surmised to have dual ice and anti-pathogenesis roles that 

include chitinases, glucanases, thaumatin-like proteins, and WRKY transcription factors (Duman, 

1994; Hon et al., 1994; 1995; Yeh et al., 2000; Huang and Duman, 2002). 

AFPs accumulate in the leaves and stems of cold-acclimated plants but have also been observed 

in roots, stems, branches, crowns, flowers, fruits, tubers, bark, seeds, and guttation fluid (Urrutia 

et al., 1992; Duman and Olsen, 1993; Antikainen et al., 1996; Doucet et al., 2000; Bredow et al., 

2017). Such widespread tissue expression may reflect their utility in the attenuation of some 

pathogensô ice nucleation activity (see the following section), or other immunological roles. 

Almost all are secreted. This is presumably because ice nucleation is most probable in the 

apoplast due to a relatively low solute concentration compared to the cells, as well as the presence 

of opportunistic pathogens in that tissue. Since plants cannot escape low temperatures, AFPs 

generally have lower thermal hysteresis activity than those of other organisms in that they do not 
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lower the freezing temperature more than 0.1ï0.5 °C from the melting temperature, but they have 

high ice recrystallization inhibition activity (Griffith and Yaish, 2004; Sandve et al., 2008; Gupta 

and Deswal, 2014; Bredow and Walker, 2017). The adsorption of AFPs to ice prevents the 

growth of larger ice crystals by grain boundary migration that would result in recrystallization or 

Ostwald ripening. In this way, small ice crystals are maintained, which are less damaging to 

cellular membranes (Figure 1.3). 

Since ice readily recrystallizes at high sub-zero temperatures or under freeze-thaw 

conditions, the ability to prevent ice recrystallization is evolutionarily adaptive for alpine and 

temperate environments. Perhaps curiously, when plant AFPs adsorb to embryonic ice crystals 

and the temperature is lowered below the thermal hysteresis gap, the morphology of the ice 

crystal differs from that seen in some animal AFPs, in that no microscopic sharp ice spicules 

develop, but rather more benign rounded edges that likely would be less damaging to membranes 

(Bredow and Walker, 2017). This property is consistent with a freeze-tolerant strategy as 

compared to freeze-avoidance strategies, as the sharp ice spicules would presumably result in the 

death of the animal if freezing did occur. Notably, a few characterized plant AFPs remain in the 

cytosol, perhaps acting as adjuncts to solutes in order to lower the freezing point sufficiently to 

prevent intracellular ice nucleation, for their ice recrystallization inhibition, or even to act as 

signaling molecules contributing to enhanced freezing tolerance (Bredow and Walker, 2017). 

Known intracellular plant AFPs include STHP-64 from Solanum dulcarum (bittersweet 

nightshade) (Duman, 1994; Huang and Duman, 2002), FsAFPs from Forsythia suspensa 

(weeping forsythia) (Simpson et al., 2005), and AmAFPs from Ammopiptanthus mongolicus 

(Mongolian evergreen shrub) (Fei et al., 2001; Wang et al., 2003; Fei et al., 2008). 

There has been a lot of interest in using AFPs from a variety of organisms, including a 

few plants, in the effort to produce or enhance plant freeze protection (Table 1.3). Initial tests 

relied largely on genes encoding non-plant AFPs and were met with limited success; however, as   
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Figure 1.2 Solved protein crystal structures from the RCSB (Research Collaboratory for Structural 

Bioinformatics) protein database (PDB) and structures created with the Phyre2.0 

(http://www.sbg.bio.ic.ac.uk/~phyre2/) (Kelley et al., 2015) homology protein folding algorithm 

showcasing the diversity of plant and fungal AFPs. The suggested or putative flat face that adsorbs 

to ice are indicated with a red line as close as can be reasonably shown following model assessment 

in PyMOL. (A) LpAFP (PDB ID: 3ULT) from Lolium perenne (perennial ryegrass) (Middleton et 

al., 2012). (B) DcIBP (PDB ID: 6W78) from Daucus carota (carrot) (Wang et al., 2020). (C) 

WRKY-like AFP STHP-64 (GenBank ID: AAL26842.1) from Solanum dulcamara (bittersweet 

nightshade) modelled to WRKY transcription factor 1 (PDB ID: 2AYD) with 100% confidence 

and 69% ID. (D) Chitinase-like AFP CHT46 (GenBank ID: AAG53610.1) from Secale cereale 

(winter rye) modelled to chitinase (PDB ID: 2DKV) with 100% confidence and 60% ID. (E) 

Thaumatin-like AFP (GenBank ID: CAJ58506.1) from Triticum aestivum (wheat) modelled to 

thaumatin-like protein (PDB ID: 5LH5) with 100% confidence and 61% ID. (F) Glucanase-like 

AFP (GenBank ID: CAJ58506.1) from Secale cereale (winter rye) modelled to beta-1,3-glucanase 

(PDB ID: 3F55) with 100% confidence and 44% ID. (G) An AFP (GenBank ID: AHF22079.1) 

from Chloromonas sp. 'King Sejong Station' (Antarctic microalgae) modelled to alginate lyase 

AlyGC (PDB ID: 5GKD) with 98.9% confidence and 13% ID. (H) TisAFP (PDB ID: 5B5H) from 

Typhula ishikariensis (grey snow mold fungus) (Cheng et al., 2016).  
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Figure 1.3 Ice crystal formation in solution following 18 h sub-zero incubation in a hexane bath 

containing no antifreeze proteins (left), in the presence of antifreeze proteins from crude 

homogenates of cold-acclimated Brachypodium distachyon leaf tissue (middle), or in the presence 

of purified recombinant Lolium perenne AFP produced in E. coli (right). The latter two demonstrate 

ice-recrystallization inhibition mediated by tAFPs that maintain small ice crystals after annealing, 

compared to ice-recrystallization seen in the buffer sample where crystals were able to grow larger 

at the expense of smaller crystals through an Ostwald ripening process. Scale bar measures 0.5 mm. 
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Table 1.3 Experiments using a variety of antifreeze proteins from different sources in transgenic experiments in an attempt to enhance freeze 

tolerance in low temperature susceptible (classified as chilling sensitive, chilling resistant or even freeze resistant) plant species. 

AFP Gene Origin Species Host Species Effect Reference 

Pseudopleuronectes 

americanus (winter flounder) 
Brassica napus (canola) Freezing temperatures decreased by 1.8 °C Cutler et al., 1989 

Pseudopleuronectes 

americanus (winter flounder) 
Solanum tuberosum (potato) LT50 reduced by 1 °C Wallis et al., 1997 

Daucus carota (carrot) Nicotiana tabacum (tobacco) Enhanced chilling tolerance Fan et al., 2002 

Pseudopleuronectes 

americanus (winter flounder) 
Tritcum aestivum (wheat) Enhanced membrane protection under freezing Khanna and Daggard, 2006 

Microdera 

punctipennis dzungarica 

(desert beetle) 

Nicotiana tabacum (tobacco) Enhanced freezing tolerance at -1 °C Wang et al., 2008 

Choristoneura fumiferana 

(spruce budworm) 
Arabidopsis thaliana Enhanced membrane protection under freezing Zhu et al., 2009 

Lolium perenne 

(perennial ryegrass) 
Arabidopsis thaliana 

Enhanced membrane protection, reduced 

electrolyte leakage, and enhanced freezing 

survival 

Zhang et al., 2010 
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Daucus carota (carrot) 
Solanum lycopersicum 

(tomato) 
60% reduction in electrolyte leakage Kumar et al., 2014 

Lolium perenne 

(perennial ryegrass) 
Arabidopsis thaliana 

35% reduction in electrolyte leakage and 

enhanced freezing tolerance to -2 °C 
Bredow et al., 2017 

Lolium perenne 

(perennial ryegrass) 

Solanum lycopersicum 

(tomato) 
50% reduction in electrolyte leakage Balamurugan et al., 2018 

Lycodichths dearborni 

(Antarctic eelpout) 

Nicotiana tabacum 

(tobacco) 
71% reduction in electrolyte leakage Huang et al., 2019 

Chloromonas sp. KNF0032 

(Arctic microalgae) 
Arabidopsis thaliana 

Reduced electrolyte leakage in all transgenic 

lines 
Cho et al., 2019 
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more plant AFPs were characterized and became viable options, the use of plant AFPs found 

greater success in transferring or enhancing freezing tolerance in transgenic plants (Hightower et 

al., 1991; Bredow et al., 2017; Bredow and Walker, 2017). The utility of AFP gene sequences in 

generating transgenics with enhanced low temperature resistance is normally assayed using 

electrolyte leakage from the cell as a proxy for plasma membrane damage. These assays may also 

be used to indirectly predict the lethal temperature at which 50% of plants are killed (LT50), 

although transfer of the transgenic plants to sub-zero temperatures is likely more useful for the 

practical assessment of freeze tolerance. 

1.1.10 Pathogen-induced freezing and psychrophiles 

Pure water can supercool to low sub-zero temperatures until the homogeneous nucleation 

point is reached at approximately -40 °C (Wisniewski and Fuller, 1999). For the most part, 

however, heterogenous nucleators facilitate the growth of embryonic ice crystals at higher 

temperatures, which then allow ice propagation (Franks, 1985). Apart from ice itself, the most 

efficacious ice nucleators have evolved in strains of certain Gram-negative bacteria including the 

ubiquitous Pseudomonas syringae, which display large (Ḑ150 kDa) membrane-anchored ice 

nucleation proteins (INPs). Such bacterial strains encoding INPs are known as ice nucleation 

active or INA+ bacteria (Pearce, 2001). Recombinant INP expression by non-INA+ bacteria has 

been successful (Wu et al., 2009; Vanderveer et al., 2014), but purification for structural 

determination has failed, likely due to the glycosylphosphatidylinositol membrane anchor, large 

size, and the tendency to misfold and aggregate (Wolber, 1993; Kwak et al., 1999). Molecular 

models show a beta-solenoid fold (Graether and Jia, 2001; Garnham et al., 2011) with flat 

surfaces reminiscent of the similar folds of some insect AFPs but on a larger scale (Graether et 

al., 2000; Liou et al., 2000). These repetitive INPs, displayed on the bacterial membrane, are 

believed to act as scaffolds that order sufficient water molecules in an organized clathrate-like 

array so that the equilibrium nucleation point of ice is reached at high subzero temperatures 
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(approximately -2 °C). Flat faces presumably act as surfaces for the clathrate waters with one face 

thought to facilitate protein-protein interactions with the resultant oligomerization of the INPs 

(Garnham et al., 2011). The interdigitation of the INPs would allow the assembly of a staircase-

like formation of water molecules via inter-protein interactions (Figure 1.4A; Wu et al., 2009). 

Since less energy is required for the recruitment of water molecules to step-like formations 

(Pruppacher and Klett, 2012), this proposed model would aid in the efficacy of INPs making 

them second in potency only to ice as nucleators. Certain strains of P. syringae include some of 

the most well-studied plant pathogens (OôBrien and Lindow, 1989; Xin et al., 2018), although it 

is important to note that not all INA+ bacteria are pathogenic (Wu et al., 2009). For plant 

pathogens, however, it is thought that INPs are used to catalyze the formation of ice crystals that 

then rupture the plant membranes expanding inwards to the inner tissues via stomata, hydathodes, 

or wounding sites (Lindow et al., 1982; Ashworth and Kieft, 1995; Wisniewski and Fuller, 1999; 

Pearce and Fuller, 2001). In this way, the bacteria then have access to intracellular nutrient stores 

(Lindow et al., 1982). 

Bacterial ice nucleation activity can be partially ñspoiledò by the action of plant-produced 

AFPs that lower the nucleation temperature of the INPs, possibly by interfering with INP 

complex formation (Tomalty and Walker, 2014; Bredow et al., 2018). It has been suggested that 

the ordered waters around only certain AFPs have an affinity for similarly ordered waters around 

some INPs, and only these can perturb the assembly of ranks of water molecules necessary for the 

formation of ice at nucleation temperatures characteristic of a particular INP (Schwidetzky et al., 

2020). However, as yet, we are unaware of AFPs with distinct arrays of water, clathrate-like or 

otherwise, independent of the requirement to match ice planes, and indeed, crystal structures have 

shown that diverse AFPs have similar arrays of bound waters (Garnham et al., 2011; (Hudait et 

al., 2018)Ye et al., 2020).Thus, we prefer our model where AFPs with similar structural features  
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Figure 1.4 (A) A simplistic two-dimensional model of the GPI anchored, bacterial ice-nucleating 

protein (INP) shown as simple repetitive grey rectangular monomers that can oligomerized through 

ñinterdigitationò as predicted by Kajava and Lindow (1993) and modeled by Garnham et al. (2011). 

We speculate that this assembly forms a template of water molecules (blue dots) on the Gram-

negative membrane, facilitating a regular array of the clathrate-like organization of water molecules 

to promote ice crystal formation. These may resemble three-dimensional ñstairsò on the 

overlapping, interdigitated INP molecules (Wu et al., 2009). Less energy is required for the addition 

of water molecules to steps (Pruppacher and Klett, 2012) as indicated by the blue dotted staircase, 

and we speculate that the propagation of ice along these discontinuities is facilitated, thereby 

resulting in the formation of ice at high sub-zero temperatures. (B) The presence of Brachypodium 

antifreeze proteins (specifically, the ice-binding domain of the AFPs; red rectangles), or structurally 

similar AFPs, interfere with INP assembly by binding to the larger proteins and thereby disrupting 

the clathrate-like water arrays and the step-like organization. The attenuation of bacterial mediated 

ice nucleation at high subzero temperatures is exaggerated here, but at temperatures 2-3 °C lower, 

the energy barrier would be overcome and ice propagation would continue (not shown). Created, 

in part, with BioRender.com.  
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to INPs allow for AFP-INP interactions, thus attenuating INP activity at high, subzero 

temperatures (Figure 1.4B). Such a model could accommodate not only the Brachypodium and L. 

perenne AFPs, but also some structurally similar insect AFPs. Indeed, organisms that ingest 

plants along with their associated INA+ bacteria might benefit from their own AFPs that could 

lower nucleation temperatures up to 2-3 °C more than the thermal hysteresis activity of the 

respective AFPs, as seen with Brachypodium AFP (Bredow et al., 2018). 

Another INA+ bacterial strain, Pseudomonas putida GR12-2, shows some concurrent 

AFP activity similar to that seen by plant AFPs, further lending support for the potential 

similarity between INPs and plant AFPs (Xu et al., 1998). Since P. putida GR12-2 showed both 

ice-associating activities, this led to some speculation that some bacteria might be useful to 

outcompete plant-pathogenic P. syringae strains (Xu et al., 1998). The historic ice-minus 

experiments wherein P. syringae INA+ strains were used as templates to make deletions in INP 

were the first genetically engineered organisms to be released for field trials (Lindow, 1987). 

Although a public communication disaster, these experiments were successful and convincingly 

reduced ice damage on potatoes. Similarly, transgenic P. syringae with INP genes removed were 

shown to reduce frost damage on strawberry (Fragaria spp.) and potatoes by outcompeting their 

INA+ counterparts (Skirvin et al., 2000). In addition, non-pathogenic strains of bacteria are able 

to colonize plants and prevent INA+ P. syringae from subsequent effective colonization by 

competition (Wilson and Lindow, 1994; Lindow and Brandl, 2003; Selvakumar et al., 2012). 

Thus, the use of non-pathogenic bacteria to alleviate freezing stress at high sub-zero temperatures 

by reducing the ability of P. syringae to colonize and express INPs to induce freezing has been 

demonstrated. 

Although Pseudomonas species are not very resistant to multiple freeze-thaw events 

(Walker et al., 2006), other bacteria and fungi are psychrotolerant or psychrophilic such as the 

phytopathogenic fungi that are responsible for snow molds on turf grasses and cereals. Pink snow 
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mold (Microdochium spp.), can be a devastating pathogen, which was the causative agent for the 

complete loss of cereals in mid-western Russia for 9 out of 20 years between 1999 and 2018 

(Utkina et al., 2019). Winter wheat, winter rye, barley, and oats are infected by pink snow mold 

at near freezing temperatures, with the pathogen spreading both intra- and inter-cellularly in many 

tissues both above and below ground (Ponomareva et al., 2021). These authors predict that 

climate change will further exacerbate snow mold infections as they appear to prevail under 

seasonal unpredictability. 

Although we are unaware of a characterized AFP from pink snow mold, AFPs secreted 

from the grey snow mold, Typhula, form ice crystals at the equilibrium freezing point that have 

been described as having a distorted hexagonal bipyramid shape, or with a morphology similar to 

ñstone age knivesò (Hoshino et al., 2003; Cheng et al., 2016). Although the AFPs are effective at 

lowering the freezing point of solutions, the extracellular location of these snow mold AFPs 

suggests a more pathological function. Hexagonal bipyramid ice crystals are also seen when Type 

I fish AFPs adsorb to ice embryos, but once the equilibrium temperature is exceeded, rapid ice 

crystal growth from the crystal points causes tissue damage (Ba et al., 2013; Flores et al., 2018). 

Indeed, so much cell death is exacted to surrounding tissues that these proteins have been used in 

cancer cryosurgery (Knight et al., 1991; Koushafar and Rubinsky, 1997; Rubinsky, 2000; Bar-

Dolev et al., 2016; Kim et al., 2017). We speculate that snow mold AFPs can function in ways 

similar to the P. syringae INPs in that after the equilibrium freezing point is exceeded, they cause 

plant cellular damage to facilitate access to nutrients by the snow molds. Although the affected 

host plants presumably have their own AFP activity, it is unlikely that they are effective at 

attenuating snow mold AFPs, in contrast to the impact on Pseudomonas INPs. Thus, there is a 

devastating impact of ñstone age knivesò to these forage crops. 
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1.1.11 The microbiome and symbiont-mediated freezing tolerance 

Conventional approaches to decode cold tolerance in plants have involved understanding 

the molecular responses at the cellular level. However, a complete and integrated approach 

involving the entire plant system is often overlooked. The plant microbiome is fractionated into 

three major compartments, the rhizosphere or root-associated epiphytes, the phyllosphere or 

tissue surface-associated epiphytes, and the endosphere or inner tissue-associated endophytes, 

with these microbiota and their genomes collectively known as the plant microbiome. There is 

evidence that endophytes and epiphytes can contribute to symbiont-mediated fitness and provide 

additional tolerance to low temperatures (Acuña-Rodríguez et al., 2020; Liu et al., 2020). 

Plant-associated microbiomes are known to be affected by the host genome and even 

plant age (Bulgarelli et al., 2015; Wagner et al., 2016; Kokou et al., 2018). Leaf endophyte 

communities reflect root consortia suggesting that soil can influence the endosphere (Badri et al., 

2013; Turner et al., 2013; Bao et al., 2020). In turn, the microbiome can impact plant 

development and enhance abiotic and biotic stress tolerance (Acuña-Rodríguez et al., 2020; 

Babalola et al., 2020; Liu et al., 2020; Song et al., 2020; Tkacz and Poole, 2020). These 

commensal microbes contribute to stress tolerance by facilitating nutrient uptake, excreting 

hormones or compounds that are integrated into host plant signaling allowing for more efficient 

or earlier stress responses, the provision of antimicrobial compounds such as volatile organic 

compound secondary metabolites or exoenzymes, and mediating an increase in osmolyte and 

antioxidant accumulation (Mishra et al., 2009; Upson et al., 2009; Ding et al., 2011; Latef and 

Chaoxing, 2011; Theocharis et al., 2012; Yooyongwech et al., 2013; Bharti et al., 2014; Amara et 

al., 2015; Subramanian et al., 2015; Chung et al., 2016; González-Teuber, 2016; Parray et al., 

2016; Bastias et al., 2017; Egamberdieva and Ahmad, 2018; Hajiboland et al., 2019; Hill et al., 

2019; Acuña-Rodríguez et al., 2020). 

Amongst these stress-enhancing symbionts are the arbuscular mycorrhizal fungi (AMF). 

AMFs are among the best-known plant symbionts, associating with the roots of about 80ï90% of 
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all plants (Zhu et al., 2010; Ahmad and Wani, 2013; Berruti et al., 2016; Balestrini and Lumini, 

2018). Root colonization by AMFs allows plants to grow under various stressful conditions 

through complex signaling networks (Begum et al., 2019), providing enhanced resistance to 

abiotic and biotic stresses including drought, salt, heat, disease, and low temperatures (Paradis et 

al., 1995; Rodriguez et al., 2008; Zhu et al., 2010a; 2010b; 2010c; Latef and Chaoxing, 2011; Liu 

et al., 2013; Chu et al., 2016; Abdel-Salam et al., 2018; Berdeni et al., 2018). The symbiosis 

between plants and AMFs is a true mutualistic relationship. AMFs receive root exudates in the 

form of carbon compounds such as carbohydrates and lipids from hosts (Balestrini and Lumini, 

2018). In turn, AMFs provide enhanced tolerance to stress, primarily through the secretion of 

antioxidants and signaling hormones that often result in enhanced growth and photosynthesis in 

non-stress and stress conditions, including sub-optimal temperatures (Begum et al., 2019; 

Bidabadi and Mehralian, 2020). Moreover, AMFs absorb phosphate, nitrogen, and other 

macronutrients, microelements, and water from the soil, and provide them to the host (Smith and 

Read, 2010). AMFs are also widely known to increase vital host plant phosphorus uptake (Hasan 

et al., 2016; Kobae, 2019; Wang et al., 2020). 

In addition to fungi, plant growth-promoting rhizobacteria also improve productivity 

under cold stress in agriculturally significant crops such as wheat, tomato, beans (Phaseolus 

vulgaris) and canola (Brassica napus) (Cheng et al., 2007; Mishra et al., 2011a; Osman et al., 

2013; Subramanian et al., 2016; El-Daim et al., 2019; Tiryaki et al., 2019). These rhizobacteria 

include species from the genera Pseudomonas, Acinetobacter, Burkholderia, Exiguobacterium, 

Pantoea, Rahnella, Rhodococcus and Serratia (Subramanian et al., 2011; Osman et al., 2013; 

Bandara et al., 2020). After inoculation with plant growth-promoting rhizobacteria, freeze or 

chilling tolerance of the hosts can be increased. This occurs by increasing growth possibly by 

increasing chlorophyll concentrations, nutrient uptake, accumulation of compatible solutes, and 

the production of antioxidants and auxin, as well as through aiding in the protection of 
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membranes, prompting adjustments to plant metabolism, and promoting the advancement of the 

cold response (Barka et al., 2006; Mishra et al., 2009; Mishra et al., 2011a; Subramanian et al., 

2011; Theocharis et al., 2012; Amara et al., 2015; Etesami et al., 2015; Su et al., 2015; 

Subramanian et al., 2015; Islam et al., 2016; Yousef, 2018; El-Daim et al., 2019). Additional 

changes in the host plants are associated with increased antioxidants and suppressed soilborne 

pathogen colonization, both tied to the host immune response (Negi et al., 2005; Malviya et al., 

2009; Mishra et al., 2009; Selvakumar et al., 2009; Selvakumar et al., 2012). These changes 

suggest that inoculation with AMFs and/or rhizobacteria would improve their viability at low 

temperatures as demonstrated in some cases (Table 1.4). 

To date much of the research on microbial symbionts has concentrated on the impact of 

single strains on the host phenotype. However, the use of more than one beneficial microbe or 

indeed whole synthetic communities (SynComs) have the potential to enhance host plant stress 

tolerance (Vorholt et al., 2017; Hajiboland et al., 2019; Bandara et al., 2020; Liu et al., 2020). 

1.1.12 Cold resilient crops for the future 

Freeze and chilling-tolerant plants rely on a plethora of different responses that are 

initiated after membrane low temperature perception (Figure 1.5). In order to make crops more 

tolerant to the predicted increase in freeze-thaw events in a world impacted by anthropogenic 

climate change, it will be beneficial to use a multiplicity of approaches. If for example, chill 

sensitive maize and rice could be made chilling tolerant, if not freezing tolerant, then crop losses 

could be substantially reduced. A combined approach incorporating several properties 

characteristic of a cold tolerance phenotype would likely give the greatest likelihood of success. 

While historical methods of plant selection may still find use particularly in jurisdictions 

that heavily regulate the use of genetically modified organisms (GMOs), these methods are slow 

and have largely become outdated as demand for innovative, transgenic crops and society 

changes. However, such strategies can be facilitated by the mapping of regulatory genes and with 
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Table 1.4 Symbiotic microbes demonstrated to confer enhanced cold stress tolerance and their observed effects on host plants under cold stress. 

Symbiont Host Species Effect Reference 

Glomus mosseae Triticum aestivum (wheat) 
Enhanced chlorophyll concentration under cold 

stress 
Paradis et al., 1995 

Burkholderia phytofirmans 
Vitis vinifera (common 

grapevine) 

Enhanced growth, physiological activity, 

increased levels of starch, proline, and phenolics, 

and reduced membrane damage 

Barka et al., 2006 

Pantoea dispersa Triticum aestivum (wheat) Enhanced growth and nutrient uptake Selvakumar et al., 2007 

Serratia marcescens Tritcum aestivum (wheat) Enhanced growth and nutrient uptake Selvakumar et al., 2008 

Exiguobacterium acetylicum Triticum aestivum (wheat) Enhanced growth and nutrient uptake Selvakumar et al., 2010 

Glomus mosseae 
Citrus tangerina 

(tangerine) 
Enhanced root length and Ca2+ flux Wu and Zou, 2010 

Glomus etunicatum Zea mays (maize) 

Increased osmolyte and antioxidant 

concentration, biomass, and photosynthesis, and 

reduced membrane lipid peroxidation 

Zhu et al., 2010a; 2010b; 

2010c 

Pseudomonas putilda, lurida, 

and koreensis 
Triticum aestivum (wheat) 

Enhanced growth, metabolites, osmolytes, 

chlorophyll, nutrient uptake, and reduced 

electrolyte leakage 

Mishra et al., 2011b 
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Pseudomonas 

vancouverensis and 

Pseudomonas 

fredericksbergensis 

Solanum lycopersicum 

(tomato) 

Enhanced chilling tolerance, reduced membrane 

damage and lipid peroxidation, and higher proline 

and antioxidant concentrations 

Subramanian et al., 2015 

Burkholderia phytofirmans 
Arabidopsis thaliana (thale 

cress) 

Earlier stress response and prevented membrane 

damage 
Su et al., 2015 

Bacillus velezensis Triticum aestivum (wheat) 

Enhanced freezing survival, accumulation of 

sucrose, proline, arabinose, triacylglycerol, and 

pyruvic acid, and metabolism 

Abd El-Daim et al., 2019 

Glomus versiforme and 

Rhizophagus irregularis 
Hordeum vulgare (barley) 

Enhanced freezing survival, growth, 

photosynthesis, osmotic homeostasis, and 

nutrient uptake 

Hajiboland et al., 2019 

Rhizophagus irregularis 
Cucumis sativus 

(cucumber) 
Enhanced photosynthesis and leaf sugar content Ma et al., 2019 
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Figure 1.5 Illustration summarizing the cold acclimation response in a typical crop plant. 

Highlighted are (A) antifreeze protein upregulation and secretion to the apoplast and suppression 

of bacterial ice nucleation and extracellular ice propagation, (B) the plasma membrane response 

involving proteome and lipid remodelling, and (C) the microbiome response. Created with 

BioRender.com. 
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genome-wide association studies or marker-assisted selection, as exemplified by the identification 

of candidate frost-tolerant barley accessions (Tondelli et al., 2006; Visioni et al., 2013). 

Traditional genetic crossing techniques can be broadened by the crossing of distinct cultivars or 

even different species and the progeny screened for a low temperature tolerance. A variation of 

this practice includes ñhomologous recombinant chromosomal engineeringò whereby for 

example, enhancements to cultivars of modern wheat, T. aestivum, have been sourced from 

chromosome fragments derived from the ancestral founder plants, T. turgidum and Aegilops 

tauschii (Qi et al., 2007). As well, thousands of crop varieties have been produced by induced 

mutagenesis, either in seeds or whole plants, or in conjunction with culture in vitro, such as the 

successful development of important varieties of rice, wheat, barley and canola (Swanson et al., 

1988; Oladosu et al., 2016). Although lengthy, especially if carefully characterized, such 

techniques will likely continue to find utility in the development of future crops with cold-

resistant phenotypes. Transgenic approaches for engineering enhanced cold tolerance could 

incorporate the constitutive expression of betaine and/or trehalose in monocot species as 

ñinsuranceò against sudden frost events where the stress-induced endogenous synthase genes are 

unable to provide sufficient accumulation for timely tissue protection. The choice of constitutive 

or stress inducible promoter is an important consideration and likely to be a species-specific 

question. The plant viral CaMV 35S promoter has proved remarkably useful for the expression of 

exogenous proteins in plants but its very strength can be detrimental. For example, when this 

promoter was used to drive the expression of Brachypodium AFP knockdown constructs, there 

were pleiotropic effects on fertility and development that could only be alleviated when the 

CaMV 35S promoter was replaced by an appropriate stress-induced promoter (Bredow et al., 

2016, Juurakko et al., submitted). Likewise, it is recommended that such stress-induced 

promoters be used to drive the expression of betaine or trehalose in dicots, which, in at least some 

cases, seem to be more sensitive to high levels of these osmolytes during normal growth than 
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monocots (Giri, 2011). Similarly, stress-induced promoters could be used to orchestrate 

appropriate expression levels of heterologous plasma membrane COR proteins such as dehydrins, 

synaptotagmins, and lipocalins for the protection of cell membranes from extracellular ice 

growth, cellular dehydration, and to repair membrane lipids following potential injury, whilst 

reducing any potential pleiotropic effects. 

Since some AFPs such as those in monocot crops, including forage grasses, are affiliated 

with anti-pathogenic activities either by sequence identity or in the primary translation product, it 

is possible that the judicious transfer of genes could not only confer ice recrystallization activity 

but also serve to increase immune protection against pathogens. The AFPs from perennial rye 

grass and Brachypodium have anti-ice nucleating activity associated with the ice-binding domain 

but also have a leucine-rich repeat domain with unknown but potential anti-pathogenic properties, 

together which present additional protection for enhanced freezing and associated pathogen 

tolerance in transgenic crops (Tomalty and Walker, 2014; Bredow et al., 2016; 2018). The 

generation of transgenic plants bearing anti-ice, anti-ice nucleation, and anti-pathogenic activities 

could offer increased low temperature and ancillary stress resistance. In addition, the inclusion of 

other genes encoding critical proteins found at the plasma membrane after cold acclimation has 

the potential to generate cold-enhanced crops by the enhancement of membrane integrity at low 

temperatures. 

Non-GMO approaches are also an attractive option in view of some of the public's 

perception of transgenic crops. For example, if crops were inoculated with SynComs 

characterized by stress tolerance enhancing symbionts, including AMFs and growth promoting 

rhizobacteria, this could enhance low temperature tolerance. An exciting alternative, albeit in the 

future, would be to engineer commensal species to promote improved cold tolerance, similar to 

efforts to transfer nitrogen-fixation abilities to cereal-associated microbes (Geddes et al., 2015; 

Goyal et al., 2021). If recombinant commensals were to secret cryoprotective and/or anti-
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pathogenic compounds into the apoplast, this could be a means to enhance cold tolerance in the 

host without directly modifying plant genomes. This strategy would imbue commercial growers 

with a rapid protective measure against impending sudden frost events where crops are unable to 

cold-acclimate sufficiently fast enough to avoid damage. Such synthetic communities could also 

be used to inoculate chill susceptible crops theoretically allowing them to increase latitudinal and 

elevational distribution, even if only marginally. Since wild type species of plant symbionts are 

ñnaturalò, the absence of mandatory GMO labelling and fewer bureaucratic hurdles would 

presumably facilitate the adoption of these methods into the agricultural marketplace. 

Significant innovation in crop genetics is likely to require diverse modern techniques 

such as clustered regularly interspaced short palindromic repeat (CRISPR) technology, 

transcription activator-like effector nucleases (TALEN) (Chen and Gao, 2013), zinc-finger 

nucleases (ZFNs) (Petolino, 2015), or even epigenetic modification through altered methylation 

tagging (Mercé et al., 2020). Any or all of these techniques are suitable for engineering enhanced 

freezing tolerance by introducing gene sequences encoding COR proteins from freeze-tolerant 

species. As noted, the strategies taken to enhance crops would likely be species-dependent since 

different species and their respective cultivars are subject to different degrees of low temperature 

stresses based on their geographic distribution and endogenous cold tolerance capabilities. These 

factors would likely be involved in best practices for species enhancement. 

As indicated, the top produced cereal grass crops worldwide are wheat, rice, and maize 

(Lafiandra et al., 2014; Reeves et al., 2016; FAO, 1993). These three species naturally differ in 

their ability to withstand low temperatures and thus appropriate strategies to enhance cold stress 

tolerance would again be species-specific. Freeze-tolerant wheat varieties have efficient cold 

acclimation responses as well as AFP activity; however, they are still susceptible to sudden frost 

events, particularly during post-head emergence. Therefore, these could benefit from engineered 

expression of more effective AFPs such as those derived from the forage crop perennial ryegrass 
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or Brachypodium. Head-targeted gene expression could alleviate damage by post-head emergence 

frosts. Alternatively, or in addition, the constitutive expression of other COR genes such as 

synaptotagmin for membrane lipid repair and compatible solute synthesis machinery for betaine 

or trehalose may aid by providing additional protection against unexpected ñfalse springò freeze 

events without interrupting routine cellular function. Such ñinsurance policiesò may offer 

protection while the endogenous freeze tolerance machinery has sufficient time, typically two 

days for Brachypodium for example, to produce protective proteins and compounds (Juurakko et 

al., 2021b). Considering the devastating economic losses of cereal crops to snow molds in eastern 

Europe and elsewhere, efforts could also be made to enhance pathogen response with the 

expression of transgenes targeting fungal infection such as polygalacturonase inhibitor proteins. 

For chill-sensitive rice, the best strategy would be to enhance chilling tolerance, even if only by a 

few degrees, to not only allow for geographic expansion of this crop but to reduce damage at the 

current latitudinal extent. Here it would be useful to target ROS accumulation, the low 

temperature reduction in enzyme and photosynthetic activity, and to address membrane 

rigidification, rather than target ice nucleation and extracellular ice growth, membrane rupture, or 

freeze-induced cellular dehydration. Such a strategy would likely benefit from employing 

transgenes encoding CORs, ROS scavengers, lipocalins to aid in PM lipid remodelling, and 

molecular chaperones, such as HSPs or dehydrins, to ensure protein folding and function and 

prevent nuclear protein denaturation at temperatures at or just under 17 °C. By expressing COR 

transgenes using a promoter inducible by low temperatures as perceived by rice, potential 

pleiotropic effects could be minimized. 

Engineering chill-sensitive maize so that it is more cold tolerant would likely employ a 

similar strategy to rice, primarily aimed at maintaining and maximizing metabolic and 

photosynthetic machinery in addition to cellular homeostasis under sub-optimal temperatures. 

However, since maize is intrinsically more tolerant to low temperatures (Table 1.1), it may 
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represent an easier target for improvement, and efforts to use symbiotic isolates or SynComs may 

be a better approach considering some of the public's GMO concerns. For bioethanol maize crops 

that are not foods, a combined approach of transgenes encoding chaperones to assist in protein 

folding and function, ROS scavengers, and proteins to stabilize the membrane would likely be a 

good strategy. 

Taken together, there have been numerous advances on all individual fronts of the 

integrated plant response to low temperatures by various research groups around the globe. 

Exciting research will lead to innovation in the agricultural industry that has remained largely 

unchanged regarding enhancing freezing tolerance in crops. Such innovation may as well lay the 

groundwork for the development of engineered crops for future extraplanetary purposes where 

temperature fluctuations on distant terra-like colonies may be more extreme with energy for 

regulating precisely climate-controlled greenhouses more restricted. As well, it is important to 

note that public attitudes are shifting and this, combined with more relaxed governmental 

regulations regarding transgenics, and new research into microbiologicals, offer hope for crops 

with enhanced tolerance to our changing environment. 

1.2 Part B: Introduction  

Despite recent advancements in our understanding of the effects of low temperatures on 

plants both in the field and the laboratory, there remains much to be elucidated about the cellular 

response. This is important because low temperature damage is ultimately linked to significant 

economic impacts with frosts responsible for a third of weather-related insured crop losses in one 

temperate region (Papagiannaki et al., 2014). Various temperate climate plant species acclimate 

to sub-zero temperatures with pre-exposure to low but above zero temperatures, usually 

accompanied by lower light levels. Such pre-exposure or cold acclimation (CA) initiates complex 

and intricate signalling networks, molecular mechanisms, and physiological changes, and in some 

cases, new relationships with microbiota (Juurakko et al., 2021c). Together, these changes can 
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result in freezing tolerance in a variety of monocots and dicots. It is hoped that such knowledge 

can be leveraged to enhance low temperature survival in cold susceptible, agriculturally 

significant crops, and improve freezing tolerance in cold tolerant species. This is an attractive 

area of research with immense translatable value to all aspects of society including the efforts to 

increase food security.  

Among the many proteins that are induced by CA are the antifreeze proteins (AFPs). 

Although AFPs have been known for decades, it was a knockdown of a Brachypodium 

distachyon AFP that unequivocally demonstrated their role in freezing protection in planta 

(Bredow et al., 2016). However, pleiotropic effects shown in the knockdown plants suggested a 

secondary role of AFPs in proper plant development or translational attenuation of AFP 

transcripts simply were detrimental to polysome function at critical development stages. These 

pleiotropic effects resulted in practical difficulties assaying the transgenic lines, and it was 

possible that the observed freeze susceptibility was caused by the unhealthy phenotypes (Bredow 

et al., 2016). Therefore, it would be better to develop temporal AFP knockdown lines to evaluate 

BdIRI functions in development and freezing tolerance in plants with healthy phenotypes. As 

well, previously there has been no investigation into the potential roles of the autonomous 

apoplastic amino domain of the bipartite AFPs in the agriculturally important Pooideae grass 

family. 

AFPs are thought to help protect plasma membranes from the rapid growth of ice crystals 

at sub-zero temperatures. As well as protecting the cellular contents, the importance of the plasma 

membrane in the cellular response to cold stress and subsequent freeze protection is widely 

known (Uemura and Yoshida, 1984; Uemura and Steponkus, 1994; Webb et al., 1994; Uemura et 

al., 1995; Miki et al., 2019; Kamal et al., 2020; Li et al., 2020; Juurakko et al., 2021a). However, 

there is a lack of information on plasma membrane proteomics for forage crops in the literature. 

This is particularly acute for plasma membrane proteomes following CA. Therefore, the plasma 
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membrane proteome and shifts after days of CA should also be characterized in the cold-tolerant, 

model crop, Brachypodium. Key proteins observed and trends in the stress responses may 

translate to applications for agriculturally important grasses. 

Likewise, the importance of stress-accumulated microbiota in symbiont-mediated stress 

tolerance is known on a general level and after certain specific treatments (e.g. rhizosphere and 

endosphere microbiota after fertilization regimes; McKnight et al., 2020; 2021). However, to 

date, there has been little investigation of microbiomes in cereal crops. In particular, since 

Brachypodium is used as a model crop, there should be a microbiome established for the 

endosphere or phyllosphere of this species. Likewise, the literature lacks investigations into 

stress-associated microbiomes of plants, particularly cold stress. The emerging accessibility of 

whole genome sequencing (WGS) has also paved the way for more comprehensive microbiome 

characterization, and as such, should be embraced in any such study. 

1.3 Thesis hypotheses and objectives 

This thesis aims to better understand the integrated CA response of the model crop, 

Brachypodium, with the goal of having this research eventually translated in order to better 

understand economically and agriculturally important evolutionarily related cereal crops. I 

hypothesize that by performing temporal knockdown of Brachypodium AFPs or B. distachyon ice 

recrystallization inhibition protein gene transcripts (BdIRIs), healthy phenotypes could be 

restored to the plants, compared to using a constitutive promoter for the knockdown construct. 

Further, I hypothesize that such transgenic plants will show freeze susceptibility following CA in 

temporal knockdown lines. Additionally, I hypothesize that the expression of Brachypodium 

leucine-rich repeat (LRR) domains in transgenic Arabidopsis will attenuate endogenous immune 

responses against bacterial flagellin epitopes. The former research will be informed by the 

elucidation of a core plasma membrane (PM) proteome and CA PM proteome as well as a core 

whole plant microbiome and CA microbiome that will provide important large-scale datasets for 
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future researchers to mine and implement key protein discoveries in later investigations. I 

hypothesize that BdIRI proteins will have a weak or temporal association with PMs but that other 

critical stress proteins will be apparent in the proteome and include both canonical cold stress 

proteins and proteins seen after low temperature treatment of other plant species. It is a goal to 

produce the first monocot CA PM proteome. As well, I hypothesize that there will be an 

accumulation of known stress-induced symbionts, in addition to new previously unidentified 

symbionts, in CA Brachypodium that may provide functional capacity in cold tolerance.  

Taken together, this thesis is designed to present the first stress-induced, temporal 

knockdown of an AFP, the use of stable, non-transient, transgene expression and stable 

inheritance of transgenes via the novel seed cut transformation method (Fursova et al., 2012), a 

demonstration of rapid genotyping but in monocots (Ben-Amar et al., 2017), the first expression 

of recombinant Pooideae AFP LRR domains, the first PM proteome for Brachypodium, the first 

demonstration of two-phase PM enrichment and label-free quantification of proteins in a 

monocot, the first CA PM proteome for Brachypodium, the first whole-plant microbiome for 

Brachypodium, the first CA microbiome for any plant, and the first use of WGS shotgun 

metagenomics in Brachypodium. 

1.3.1 Objective 1: Apply novel PM-associated protein enrichment methods to Brachypodium 

and evaluate the first Brachypodium PM proteome and associated proteomic changes in 

abundance under a time-course cold acclimation regime (Chapter 2). 

The central role of the PM in response to cold and freezing stress is widely known largely 

for its role in low temperature perception and downstream stress signalling. Also, the importance 

of maintaining PM integrity under decreasing temperatures is critical for preserving cellular 

homeostasis. Recent advances in PM-associated protein isolation invite new investigation into 

PM proteomics, particularly in identifying stress accumulated proteins at the primary site of 

freezing injury. Recent work demonstrating the changes in PM proteome after CA in Arabidopsis 

(Miki et al., 2019) offers insight into cold stress at the PM in a plant model. However, to gain a 
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better understanding and for translating results to the agriculturally important cereal grains, a 

monocot model system is required. Likewise, the literature is lacking in PM proteomes following 

CA. Therefore, the PM proteome must be established for the model crop Brachypodium, and 

proteomic shifts induced after the initiation of CA should be elucidated as well. 

1.3.2 Objective 2: Demonstrate the use of shotgun metagenomics on Brachypodium to 

establish a core whole plant microbiome and evaluate trends in the accumulation of 

commensal species following cold acclimation (Chapter 3). 

Stress accumulated microbiota have been demonstrated to confer enhanced stress 

tolerance to plants (Liu et al., 2020) in particular, under cold stress (Acu¶a Rodr²guez et al., 

2020). However, little is known about the microbiomes and cold stress accumulated microbiota of 

the agriculturally important cereal grasses. Additionally, few studies have used WGS to elucidate 

plant microbiomes and even more rarely do microbiome studies encompass the whole plant 

microbiome. To gain a better understanding and provide insight into symbiont-enhanced stress-

tolerant cereal crops, a core microbiome of the model crop, Brachypodium, needs to be elucidated 

and the microbiota identified under cold stress for translational opportunities including the 

potential to undertake targeted beneficial colonization of crops. By providing a core, whole plant 

microbiome of Brachypodium and contrasting this with the microbiome from CA whole plants, 

the thesis aims to establish putative and preliminary ñDefenceBiomeò synthetic communities 

(SynComs) for future applications on commercial crops. 

1.3.3 Generate and characterize temporal knockdowns of AFPs in the model crop, 

Brachypodium and evaluate transgenic line phenotypes and freeze susceptibility (Chapter 

4). 

The first and only reported AFP knockdowns to date, the constitutive AFP knockdown in 

B. distachyon, resulted in pleiotropic effects detrimental to proper plant development (Bredow et 

al., 2016). This may be due to the loss of the LRR domain of BdIRIs as LRR domains in plants 

have demonstrated roles in plant development. Or perhaps this was due to the overpopulation of 
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polysomes by untranslatable BdIRI transcripts attenuated by miRNAs at critical points in plant 

development resulting in the observed reduced biomass with stunted and sterile plants. 

Accordingly, I will develop temporal knockdowns using a cold-induced promoter from rice to 

drive the expression of an identical miRNA construct. Subsequently assays for freeze 

susceptibility involving electrolyte leakage assays, ice recrystallization inhibition ñsplatò assays, 

thermal hysteresis assays, ice crystal morphology assays, whole plant freezing survival assays, 

thermographic leaf freezing assays, and leaf infection assays will be done using non-acclimated 

and cold-acclimated Bd21 wild type and transgenic knockdown lines.  

1.3.4 Objective 4: Evaluate potential attenuation of immune responses by independent 

Brachypodium BdIRI LRR domains expressed in Arabidopsis and inhibition of INPs using 

temporal AFP knockdown transgenic plants (Chapter 5). 

Previous investigation into AFP attenuation of bacterial-induced ice nucleation, 

particularly with B. distachyon AFPs, demonstrated unprecedented levels of bacterial ice 

nucleation attenuation, warranting further investigation (Tomalty and Walker, 2014; Bredow et 

al., 2018). Particularly the confirmation of ice nucleation attenuation due to AFPs which makes 

use of AFP temporal knockdown lines. The mechanism of action is unknown and begs discovery 

of INP:AFP interaction. However, the structure of INPs has eluded the scientific community for 

over three decades. The release of AlphaFold allows for unprecedented and remarkable access 

into never-before-seen protein structures. Protein folding algorithms combined with docking 

predictions allows for insight into potential INP:AFP interactions to understand how AFPs may 

attenuate bacterial ice nucleation. I will investigate attenuation of INP ice nucleation using wild 

type and AFP knockdown lysates and leverage protein modelling and docking algorithms to 

predict the AFP mechanism of action. Furthermore, I will leverage AlphaFold and docking 

predictions to develop the most in depth INP aggregate model to date, building on previous 

fragmented models (Graether and Jia, 2001; Garnham et al., 2011). 
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 Initial models of BdIRI LRR domains demonstrated homology to the Arabidopsis 

thaliana microbial-associated molecular pattern receptor critical for pathogen perception, FLS2 

(Bredow et al., 2016). This homology, combined with the ancestral gene behind BdIRIs, a 

phytosulfokine receptor tyrosine kinase, suggests that BdIRI LRR domains may perform a novel 

extracellular function in immune signaling. Preliminary investigations to investigate these 

questions will involve expressing LRRs as transgenes and assessing for the attenuation of 

immune response. Experimental findings will be supplemented with further modeling to 

interrogate LRR:peptide interactions. 



 

 

 

53 

Chapter 2 

The Brachypodium distachyon cold-acclimated plasma membrane 

proteome is primed for stress resistance 

2.1 Abstract 

In order to survive sub-zero temperatures, some plants undergo cold acclimation where 

low, non-freezing temperatures and/or shortened day lengths allow cold hardening and survival 

during subsequent freeze events. Central to this response is the plasma membrane, where low 

temperature is perceived and cellular homeostasis must be preserved by maintaining membrane 

integrity. Here, we present the first plasma membrane proteome of cold-acclimated 

Brachypodium distachyon, a model species for the study of monocot crops. A time course 

experiment investigated cold acclimation-induced changes in the proteome following two-phase 

partitioning plasma membrane enrichment and label-free quantification by nano-liquid 

chromatography mass spectrophotometry. Two days of cold acclimation were sufficient for 

membrane protection as well as an initial increase in sugar levels and coincided with a significant 

change in the abundance of 154 proteins. Prolonged cold acclimation resulted in further increases 

in soluble sugars and abundance changes in more than 680 proteins, suggesting both a necessary 

early response to low temperature treatment, as well as a sustained cold acclimation response 

elicited over several days. A meta-analysis revealed that the identified plasma membrane proteins 

have known roles in low temperature tolerance, metabolism, transport, and pathogen defense as 

well as drought, osmotic stress and salt resistance suggesting crosstalk between stress responses, 

such that cold acclimation may prime plants for other abiotic and biotic stresses. The plasma 

membrane proteins identified here present keys to an understanding of cold tolerance in monocot 

crops and the hope of addressing economic losses associated with modern climate-mediated 

increases in frost events. 
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2.2 Introduction  

Changing climatic conditions are associated with unpredictable weather patterns that can 

have devastating consequences on crop success (Raza et al., 2019). Higher average temperatures 

and an increased frequency of winter freeze-thaw events present major challenges in temperate 

regions and can result in delayed bud-burst and freeze-induced injury, with acute exposure to 

temperatures below a thermal optimum generating chilling stress (Aroca et al. 2012; Tedla et al., 

2020). Low temperature effects include lower rates of biochemical and metabolic reactions, a loss 

in membrane fluidity, increased water viscosity, decreased water uptake in roots, attenuated 

activity of numerous proteins and enzymes, as well as delayed energy dissipation associated with 

reduced photosynthesis and cellular respiration (Aroca et al., 2012). As temperatures lower 

further, there is the added challenge of freezing stress, resulting from the growth of extracellular 

ice crystals that physically damage plasma membranes (PMs), as well as cellular dehydration, 

which in turn results in the generation of reactive oxygens that together can ultimately lead to the 

collapse of membrane structures (Pearce, 2001). Given the importance of cereal crops for food 

security, it is crucial to identify proteins associated with freeze protection in any effort to improve 

freezing resistance.  

  Prior to anthropogenic-induced climate change, plants in their native range would 

presumably only rarely be exposed to atypically acute and thus fatal exposure to freezing. Instead, 

cold acclimation (CA) - a process induced by low, non-freezing temperatures and/or shortened 

day lengths and involving epigenetic, biochemical, metabolic and physiological changes - results 

in cold-hardening (Thomashow, 1999; 2010; Fürtauer et al., 2019). Cold-hardened plants often 

accumulate unsaturated fatty acids, produce cryoprotective metabolites including soluble sugars 

and amino acids to mitigate osmotic stress, and elevated expression of molecular chaperons and 

reactive oxygen species scavengers (Suzuki and Mittler, 2006). Many plants undergo CA, but the 

degree of their subsequent freezing tolerance is primarily determined by geographic origin, with 
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some cold-hardy plants withstanding temperatures as low as -30 °C (Lee et al., 2012; Zuther et 

al., 2012; Colton-Gagnon et al., 2014). Many of these species upregulate the expression of 

cryoprotective proteins including cold-responsive (COR) proteins, dehydrins, and ice-binding 

proteins (Liu et al., 2017; Bredow and Walker 2017).  

Low temperature sensing is initiated at the PM, in part by increased membrane rigidity 

and activation of mechanosensitive Ca2+ channels that initiate downstream signaling events key to 

cold tolerance (Mori et al., 2018; Yuan et al., 2018). In rice, Oryza sativa, low temperature is 

perceived by a PM G-protein signaling receptor, COLD1, required for Ca2+ channel activation 

(Ma et al., 2015). Analyses of the PM-associated proteome of thale cress, Arabidopsis thaliana, 

hereinafter Arabidopsis (Kawamura and Uemura, 2002; Miki et al., 2019; Li et al., 2020), winter 

rye, Secale cereale (Uemura and Yoshida 1984), and oat, Avena sativa (Takahashi et al., 2010) 

suggest that the PM is also important for initiating cold-induced changes in these plants. Once 

cold-induced signaling has commenced, there is an accumulation of membrane-stabilizing COR 

proteins, a remodelling of the PM, as well as an upregulation of osmolyte synthases that help 

protect against dehydration-induced cell lysis (Minami et al., 2009; Takahashi et al., 2018).  

Although not a crop plant, purple false brome Brachypodium distachyon (hereinafter, 

Brachypodium) is a model monocot with physiological similarity and high synteny with 

agriculturally important grasses such as rice and wheats (Triticeae). Evidence shows that 

Brachypodium evolved in Mediterranean regions and some cultivars tolerate low temperatures 

(Ryu et al., 2014; Colton-Gagnon et al., 2014; Bredow et al., 2016). Following CA, these survive 

to -10 °C (Colton-Gagnon et al., 2014) with a diurnal freezing treatment allowing tolerance down 

to -12 °C (Mayer et al., 2020). Here, we examine the profile of compatible solutes accumulated 

after CA, quantify cold-induced membrane protection, and present the first proteomic analysis of 

cold-acclimated (CA) Brachypodium from PM-enriched microsomal fractions in order to further 
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advance our understanding of freeze-tolerance and the low temperature protection in this model 

monocot. 

2.3 Methods 

2.3.1 Plant growth and maintenance 

Brachypodium seeds (ecotype: Bd21) were sown in potting soil and grown in a 

temperature-controlled chamber on a 20 h light (~100 µmol m-2 s-1; 22 °C) and 4 h dark (22 °C) 

light cycle. CA Brachypodium were grown under standard conditions for three weeks and 

transferred to a low temperature chamber (2 °C, 12 h light as indicated above; 12 h dark), for two 

to eight days with experimental groupings for two, four, six, and eight days designated CA2, 

CA4, CA6 and CA8, respectively. Non-acclimated (NA) Brachypodium were three-weeks-old at 

the time of use and not incubated further. 

2.3.2 Electrolyte leakage 

In order to assess the level of membrane damage associated with freezing, electrolyte 

leakage assays were conducted using NA or CA plants as described previously (Bredow et al., 

2016). Briefly, one leaf was cut from the base of each plant, placed in 100 ɛL of deionized water, 

and immersed in a programmable circulating ethylene glycol bath set to 0 °C. After lowering the 

temperature to -1 °C over 30 min, the sample was nucleated with a single deionized ice chip to 

initiate ice crystal growth. The temperature of the bath was then lowered by 1 °C every 15 min to 

a final temperature of -2 to -10 °C. Samples were allowed to recover overnight at 4 °C, 

transferred into conical tubes containing 25 mL of deionized water, and then gently agitated at 

150 rpm for 18 h. Conductivity measurements were taken before (Ci) and after (Cf) autoclaving 

samples to account for the total leaf mass, using a direct reading conductivity meter (TwinCond, 

Horiba, Kyoto, Japan) and presented as a percentage (100 * Ci / Cf) with 10 individual plants for 

each independent line, with the procedure carried out with three biological replicates. 
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2.3.3 Compatible solute profiling 

Leaves (~400 mg fresh weight) were frozen in liquid nitrogen and ground with a plastic 

pestle in 0.25 mL of 80% ethanol with fucose as an internal standard. Homogenates were 

transferred into 1.5 mL microcentrifuge tubes and incubated at 80 °C for 30 min with occasional 

mixing. Samples were then centrifuged at 12,000 x g for 5 min at room temperature, the 

supernatants collected and the pellets re-extracted twice with 80% ethanol at 80 °C and then 

centrifuged as described above. The supernatants were combined and dried under a dried N2 gas 

stream at 80 °C. These extracts were then dissolved in methanol, followed by the addition of 

chloroform and water (a final ratio of chloroform:methanol:water, 1:1:0.9, v/v/v) to remove leaf 

pigments. After centrifugation at 600 x g for 5 min, the upper aqueous phase was collected and 

dried as described above. Dried samples were dissolved in water, centrifuged at 12,000 x g for 5 

min, and the supernatants filtered through a 0.2 ɛm membrane filter and subsequently analyzed 

by high pressure liquid chromatography (HPLC) using a tandem-connected Sugar KS801 and 

KS802 column (Shodex, Tokyo, Japan) at 80 °C with a refraction index detector. The samples 

(50 ɛL) were injected and eluted with ultrapure water at a flow rate of 0.4 mL min-1. Each sugar 

was identified by comparison of its retention time relative to that of authentic standard sugars and 

quantified as a ratio of the area of the sample peak relative to that of the internal standard. All 

assays were replicated four times. 

2.3.4 Microsome isolation and plasma membrane enrichment 

The extraction of microsomal fractions from plant tissue and subsequent enrichment of 

PMs was performed as detailed previously (Kamal et al., 2020). Briefly, ~30 g of leaf tissue was 

cut into small pieces in 300 mL of pre-chilled homogenizing medium (0.5 M sorbitol, 50 mM 

MOPS-KOH (pH 7.6), 5 mM EGTA (pH 8.0), 5 mM EDTA (pH 8.0), 1.5% (w/v) PVP-40, 0.5% 

(w/v) BSA, 2.5 mM PMSF, 4 mM SHAM, 2.5 mM DTT). Tissue was further homogenized using 

a Polytron generator (PT10SK, Kinematica Inc., Lucerne, Switzerland) and filtrates were 
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collected by sieving the homogenate through cheesecloth and removing cellular debris by 

centrifugation (10,000 x g for 10 min). Microsomal membrane fractions were collected by 

centrifugation at 231,000 x g for 35 min and homogenized in 1 mL of microsome suspension 

buffer (MSB; 10 mM KH2PO4/K2HPO4 buffer, pH 7.8, 0.3 M sucrose) with a teflon-glass 

homogenizer. Samples were centrifuged again at 231,000 x g for 35 min and the pellet was 

suspended in MSB (2 mL) prior to homogenization using an electric teflon-glass homogenizer.  

A two-phase partition medium was produced by adding 1.45 g of polyethylene glycol 

(3,350) and 1.45 g of dextran to 9.3 mL of MSB and 7.3 mL of NaCl medium (1.17 g of NaCl in 

200 mL of MSB). The MSB homogenate was placed in the two-phase partition medium and 

incubated on ice for 10 min, with periodic shaking. Samples were centrifuged (650 x g for 5 min 

at 4 °C) and the upper phase was transferred to a new partition medium, with this procedure 

conducted a total of three times. The upper phase was transferred to PM-suspension medium (10 

mM MOPS buffer-KOH (pH 7.3), 1 mM EGTA (pH 8.0), 0.3 M sucrose, and 2 mM DTT) and 

centrifuged at 231,000 x g for 35 min at 4 °C. The pellets were then homogenized in PM-

suspension medium before repeating the 231,000 x g centrifugation. The final pellets were then 

homogenized on ice in 500 ɛL of PM-suspension medium using an electric Teflon-glass 

homogenizer, flash frozen, and kept at -80 °C until use. Isolations were done four times on 

independent plant material at each time point. 

2.3.5 Enzyme activity assays 

  Verification of cell fractionation and PM enrichment was performed by enzyme marker 

assays for the presence of plasma membrane (vanadate stimulated H+ ATPase), tonoplast (nitrate 

stimulated H+ ATPase), mitochondria (cytochrome c oxidase), endoplasmic reticulum (NADH 

cytochrome c reductase), and Golgi apparatus (Triton X-100 stimulated UDPase) in the 

microsomal and plasma membrane enriched fractions as previously described (Uemura et al., 
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1995). In addition, chlorophyll content was determined in the two fractions to estimate the 

content of the thylakoid membrane of chloroplasts. 

2.3.6 Tryptic digest and nano-liquid chromatography-mass spectrometry 

Samples were electrophoresed on a e-PAGEL HRmini gel (ATTO Products, Tokyo, 

Japan) to remove non-proteinaceous material and excised for in-gel tryptic digestion as described 

previously (Takahashi et al., 2012; Kamal et al., 2020). Tryptic peptides were subsequently 

desalted and concentrated using a solid-phase extraction C-TIP T-300 (Nikkyo Technos Co., 

Tokyo, Japan). Peptide solutions were first concentrated with a trap column (L-column Micro 0.3 

× 5 mm; CERI, Japan) and then separated with a Magic C18 AQ nano column (0.1 × 150 mm; 

MICHROM Bioresources, Auburn, CA, USA) using a linear gradient of 5-45% acetonitrile at a 

flow rate of 500 nL min-1. After peptides were ionized by an ADVANCE UHPLC spray source 

(MICHROM Bioresources, Auburn, CA, USA) at 1.8 KV spray voltage, mass analysis was 

performed using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Waltham, 

MA, USA) equipped with Xcalibur software (v2.0.7, Thermo Fisher Scientific). Full-scan mass 

spectra were obtained in the range of 400 to 1800 m/z with a resolution of 30,000. Collision-

induced fragmentation was applied to the five most intense ions at a threshold above 500. 

Experiments for each treatment were conducted at least four times. 

For semi-quantitative analysis, raw files were analyzed using Progenesis liquid 

chromatography-mass spectrometry (MS) software (v4.0, Nonlinear Dynamics, New Castle, UK). 

Peptides were assigned to proteins by MASCOT searching (v2.3.02, Matrix Science, London, 

UK) against the Brachypodium genome (v2.0). Finally, proteins of interest (those with 

significantly different abundance profiles as described below) were filtered with analysis of 

variance (ANOVA, p < 0.05) and fold-changes (> 1.5) reported according to normalized peptide 

intensity. 
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2.3.7 Statistical analysis 

ANOVA was performed on the raw abundance levels of proteins among the four separate 

trials of each condition, with p-values adjusted via the Benjamini-Hochberg method (Ferreira and 

Zwinderman 2006) to account for multiple testing. Proteins with an absolute fold-change value > 

1.5 (adjusted p < 0.05) were classified as differentially abundant. For each protein that differed 

significantly across treatments, Dunnettôs tests were performed to determine the experimental 

conditions in which the proteinôs abundance differed significantly from the control (NA) 

condition (p < 0.05; |fold-change| > 1.5). Heatmaps were generated for proteins with significantly 

different abundance from the NA control in at least one treatment, using log2-transformed fold-

change values. Proteins absent from one or more experimental conditions were not included in 

heatmaps. All code and scripts used in this study can be found in File S1 (see publication). 

2.3.8 Protein functional classification and subcellular localization predictions 

Descriptions were manually predicted using UniProt (UniProt Consortium), RIKEN 

Brachypodium FLcDNA database (Mochida et al., 2013), BLAST, and through literature 

searches. PM localizations were predicted using UniProt, TMHMM Server (v2.0) for 

transmembrane helices (Krogh et al., 2001), GPS-lipid for N-myristoylation/-palmitylation sites, 

DeepLoc-1.0 (http://www.cbs.dtu.dk/services/DeepLoc-1.0/) (Almagro Armenteros et al., 2019), 

BUSCA (http://busca.biocomp.unibo.it/) (Savojardo et al., 2018), WolF PSORT 

(https://wolfpsort.hgc.jp/) (Horton et al., 2007), and known localization of orthologous plant 

proteins. Localization to other compartments was predicted using Uniprot (UniProt Consortium) 

and SignalP 5.0 (http://www.cbs.dtu.dk/services/SignalP/) (Almagro Armenteros et al., 2019) for 

localization to the extracellular space, mitochondria, and chloroplasts. Proteins were classified 

based on the functional categories as described by Bevan et al., (1998) and Miki et al., (2019). 

Comparisons between the Brachypodium CA dataset (this study) and a previously 

reported Arabidopsis CA dataset (Miki et al. 2019) were conducted by analyzing minimum and 
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maximum fold-changes following two days of CA for both species as well as following six days 

of CA for Brachypodium and seven days of CA for Arabidopsis. A pseudo-count of one was 

added for proteins not detected in NA conditions. Arabidopsis proteins were selected based on an 

ANOVA p < 0.05 and max fold-change > 1.5 or min fold-change < 0.67 using data provided in 

Supplemental Table S1 from Miki et al. (2019). Orthologous Brachypodium and Arabidopsis 

proteins were identified as reported in the publicly available OMA Browser (Altenhoff et al., 

2021). 

2.3.9 Construction of networks 

A list of protein accession identifications for all significantly increased and decreased 

proteins obtained by MS were assembled and used as inputs for STRING (v11.0) to predict 

protein-protein interactions (Franceschini et al., 2016; Szklarczyk et al., 2019) for CA2 and CA6 

timepoints. A predicted network was prepared and exported to Cytoscape (v3.8.1) for further 

modification. Additional protein metadata was input into Cytoscape including corresponding log2 

fold-change values which were assigned to node fill mapping. 

To construct a stress response meta-analysis network, individual protein accession 

identifications were subjected to literature searches (performed to 1/1/2021) and annotated 

according to their protein descriptions and involvement in stress response pathways (File S2; see 

publication). Proteins with no reported involvement in stress responses were omitted. The dataset 

was then input into Cytoscape and log2 fold-changes were again selected as node fill mapping as 

described previously. All networks were centred in the plot area and exported as Scalable Vector 

Graphics (SVG) files where further modification was performed and legends added in Inkscape 

(v0.92.2). Interactive versions of each network were additionally exported as full webpages for 

viewing in any modern web browser as HTML files with all metadata. 
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2.4 Results 

2.4.1 Freezing tolerance and accumulation of sugars 

Electrolyte leakage assays were conducted to assess leaf membrane integrity of CA and 

NA Brachypodium following exposure to temperatures ranging from -2 °C to -10 °C (Figure 

2.1A). Electrolyte leakage was significantly reduced compared to NA plants following two or 

more days of CA at temperatures between -4 and -10 °C. Increasing CA duration up to 28 days 

did not further reduce electrolyte leakage (Figure S2.1). These results are consistent with earlier 

reports demonstrating that Brachypodium achieved peak freezing tolerance after two days of CA 

at 2 °C (Colton-Gagnon et al., 2014; Bredow et al., 2016). 

The accumulation of osmoprotectant sugars, or compatible solutes, mitigates the effects 

of freeze-induced cellular dehydration and is associated with increased freezing tolerance 

(Tarkowski and Van den Ende 2015). Here, the accumulation of sucrose increased from 2.8 mg 

g 1 in NA leaf tissue to 19.3 mg g-1 and 38.7 mg g-1 fresh weight (FW) in CA2 and CA8, 

respectively (Figure 2.1B; Figure S3.2). Glucose increased 4.6-fold to 5.1 mg g-1 in CA2 leaves 

and remained relatively stable for the duration of cold treatment. Raffinose showed a similar 

profile to sucrose with consistent increases in abundance throughout CA, reaching a maximum of 

1.3 mg g-1 after eight days. In contrast, fructose accumulation peaked in CA2 leaves (1.3 mg g-1 

FW), and steadily declined in the remainder of the cold treatment groups. Thus, CA in 

Brachypodium is characterized by the early accumulation of glucose, raffinose, fructose and 

sucrose, coincident with significantly reduced electrolyte leakage. Under longer acclimation 

regimes most soluble sugars increased in abundance, with the exception of fructose, and did not 

correspond to further changes in membrane integrity. 
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Figure 2.1 Impact of duration of CA on B. distachyon freezing tolerance. (A) Electrolyte leakage 

assays conducted using leaf tissue from nonacclimated and cold-acclimated wildtype 

ecotype Bd21. Days of CA and temperatures are shown. Samples were subjected to the low 

temperatures indicated at the rate of 1ÁC every 15 min before assaying for electrolyte leakage (%). 

(B) Accumulation of soluble sugars in leaf tissue from nonacclimated and cold-acclimated wildtype 

ecotype Bd21. Days of CA and soluble sugar type are shown in four clusters of histograms and 

expressed as concentration in leaf fresh weights. Four biological replicates were conducted for all 

assays (n = 10) and ANOVA and post hoc Tukeyôs tests were performed. Error bars represent the 

standard error of the mean. Letters above the histograms indicate statistically significant groups 

(p<꜡ 0꜡.05) with separate analyses for each temperature and soluble sugar. 

0

5

10

15

20

25

30

35

40

02468 02468 02468 02468

C
o
n
c
e
n
t
r
a
t
i
o
n
 

(m
g
 
g
-1
F
W
)

0

10

20

30

40

50

60

70

80

90

100

02468 02468 02468 02468 02468

%
 E
l
e
c
t
r
o
l
y
t
e
 
L
e
a
k
a
g
e

-2 °C

A

B

-4 °C -6 °C -8 °C -10 °C

RaffinoseFructoseGlucose Sucrose

a

b

c

b
b,c

a

b bb
b

a

b bb
b

a

b bb

b

a

b

bb
b

aa,b
b,cc,d

d

a a
bba a

b,cb
cc

a

c

b
b

c



 

 

 

64 

2.4.2 Cold acclimation treatment time and quantifying recovered proteins 

PM-associated proteins were analyzed in NA Brachypodium and following CA (CA2, 

CA4, CA6 and CA8). PM fractions were prepared by a method adapted for Arabidopsis (Kamal 

et al., 2020) with the effectiveness of fractionation and enrichment of PMs in Brachypodium 

validated using marker enzymes in NA and CA2 samples (Table 2.1). PM fractions of both NA 

and CA samples showed an overall decrease in mitochondria, endoplasmic reticulum, Golgi, and 

chloroplasts relative to the microsomal fractions. In contrast, vanadate-stimulated H+ ATPase 

activity, associated with the PM, showed an overall enrichment in PM fractions, with a small 

amount of contamination from the tonoplast, indicated by nitrogen-stimulated H+ ATPase activity 

(Table 2.1).  

PM-enriched fractions were subjected to nano-liquid chromatography-MS for the label-

free quantification of proteins, resulting in the identification of a total of 1,349 unique peptides 

corresponding to known proteins (File S3; see publication). Many of these (848 or 63% of the 

total) showed a significant change in relative abundance (p < 0.05, |fold-change| > 1.5) during 

cold treatment compared to NA plants. Of these proteins, 334 (39%) significantly increased > 

1.5-fold in relative abundance (File S4; see publication) at one or more time points, with more 

(522; 62%) showing significant decreases > 1.5-fold (File S5; see publication). In line with the 

cold-induced membrane protection observed in electrolyte leakage assays (Figure 2.1), several 

protein families associated with cold stress were identified in our MS analysis including sugar 

transporters (sucrose transporter SUT1-like protein; Bradi1g73170.1; Tarkowski and Van den 

Ende, 2015), dehydrins (dehydrin COR410-like; Bradi3g51200.1; Liu et al., 2017), and ROS 

scavengers (catalase; Bradi1g76330.1; Yousefi et al., 2018), and served to increase confidence in 

the analysis. 
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Table 2.1 Specific activities of enzymes used as cellular compartment markers for the monitoring of the fractionation of tissue samples collected 

from B. distachyon either cold-acclimated (CA) for 2 days at 2°C, or non-CA (NA), with values not determined (ND) for microsomal fractions of 

the PM and tonoplasts; experiments were conducted four times with similar results, and as indicated by the standard deviation of the mean shown. 

Compartment Enzyme (activity units)  Microsomal Fraction Plasma Membrane Enriched Fraction 

Mitochondria 
Cytochrome c oxidase 

(ɛmol cyt c mg-1 min-1) 

NA 3.82 × 10-3 ± 3.27 × 10-4 2.64 × 10-3 ± 3.32 × 10-4 

CA 4.38 × 10-3 ± 3.25 × 10-3 2.26 × 10-3 ± 2.58 × 10-4 

Endoplasmic 

Reticulum 

NADH cytochrome c reductase 

(ɛmol cyt c mg-1 min-1) 

NA 2.92 × 10-2 ± 1.34 × 10-2 1.03 × 10-3 ± 6.29 × 10-4 

CA 4.17 × 10-2 ± 2.48 × 10-2 9.42 × 10-4 ± 5.41 × 10-4 

Golgi 

Apparatus 

Triton X-100 stimulated UDPase 

(ɛmol UDP mg-1 min-1) 

NA 4.15 × 10-1 ± 2.03 × 10-1 6.78 × 10-2 ± 5.93 × 10-2 

CA 1.85 × 10-1 ± 3.20 × 10-2 5.06 × 10-2 ± 1.20 × 10-2 

Chlorophyll 
Chlorophyll 

(mg mL-1) 

NA 1.40 ± 2.75 × 10-1 1.00 × 10-2 ± 1.16 × 10-1 

CA 1.16 ± 1.20 × 10-2 9.10 × 10-3 ± 6.00 × 10-3 

Plasma 

Membrane 

Vanadate stimulated ὄ-H+ ATPase + Na3VO4 

(ɛmol ATP mg-1 min-1) 

NA ND 8.22 × 10-2 ± 3.00 × 10-2 

CA ND 5.12 × 10-2 ± 2.00 × 10-2 

Tonoplast 
Nitrate stimulated ὄ-H+ ATPase + KNO3 

(ɛmol ATP mg-1 min-1) 

NA ND 2.52 × 10-2 ± 1.00 × 10-2 

CA ND 1.56 × 10-2 ± 2.00 × 10-2 
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To better visualize changes in the proteome following CA, a heat map was generated 

using log2 transformed fold-changes at each treatment point for all proteins with significant 

changes in protein abundance (Figure 2.2A). Of the 334 proteins that showed relative increases in 

abundance after CA compared to NA plants, 57 (17%), 129 (39%), 224 (67%), and 205 (61%) 

were increased in CA2, CA4, CA6 and CA8 plants, respectively. The majority showed moderate 

increases over > 1.5-fold compared to control levels, with some notable exceptions particularly 

after longer cold treatments. For example, after two days of CA, 7% and 3% of the proteins were 

one and two orders of magnitude more abundant, respectively, than in NA samples, but with 

higher levels achieved by more proteins at CA6. Overall, fold-changes for the 848 tracked 

proteins showed that the CA6 and CA8 treatment profiles were more alike than the similar CA2 

and CA4 sample profiles. Using the CA2 proteome and the CA6 proteome as typifying the early 

and a sustained response, respectively, showed distinctive frequency distributions in the numbers 

of proteins that were relatively more or less abundant than proteins in the NA plants (Figure 2.2B, 

C). Although as indicated, the relative abundance of more proteins were affected by the longer 

low temperature treatment, in both CA2 and CA6 treatment-groups there were about twice as 

many proteins that decreased vs. increased in relative abundance (i.e. there were 52 and 97 

proteins that increased and decreased in abundance, respectively in CA2, with corresponding 

numbers of 224 and 456 for CA6; Figure S2.3). 

Proteins were functionally annotated and then categorized using UniProt (UniProt 

Consortium, 2019), BLAST, and through the literature (Figures 2.3, 2.4; Files S6-S9; see 

publication). Many proteins that increased in relative abundance during CA were related to 

energy and metabolism (16 in CA2 and 55 in CA6 plants) such as PM ATPase (Bradi5g24690.1; 

Nguyen et al., 2018). They also represented disease and defense functions (14 in CA2 and 29 in 

CA6 plants) exemplified by dehydrin COR410-like (Bradi3g51200.1; Chiappetta et al., 2015),  
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Figure 2.2 Global impact of CA on the B. distachyon PM proteome. (A) A heatmap showing the 

848 proteins in the PM-enriched fractions with significant changes in relative abundance between 

nonacclimated and cold-acclimated samples following 2, 4, 6, or 8 days at 2°C. Data are mean fold-

changes relative to nonacclimated plants based on four replicates and are presented as log2-

transformed values. Hierarchical clustering analysis was used to group proteins displaying similar 

abundance proteins, and the results are presented by the dendrogram along the left-hand side of the 

figure. (B, C) Frequency distribution of log2 fold-changes shown for proteins with significant 

changes in relative abundance at (B) early CA (2 days for B. distachyon and 2 days for A. thaliana) 

and (C) sustained CA (6 days for B. distachyon and 7 days for A. thaliana). Log2 fold-change 

values of 0 are highlighted with a dotted line. Data were plotted using fold-change value bin widths 

of 0.5. Raw A. thaliana data were obtained from Miki  et al. (2019) and reanalyzed to obtain fold-

changes matching thresholds used in this manuscript of p<꜡ 0꜡.05 and a fold-change >1.5 or <0.67 

as opposed to >2.0 and <0.5 employed by Miki  et al. (2019). 
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and transport and signal transduction affiliates (nine in CA2 and 25 in CA6 plants) such as heavy 

metal-associated isoprenylated plant protein 27 (Bradi1g70700.1; de Abreu-Neto et al., 2013). 

Proteins that increased in abundance with the greatest fold changes are listed in Figure 2.3. 

Despite our division of an early (CA2 and CA4 plants) and a sustained response to low 

temperature treatment (CA6 and CA8 plants), there were similarities in the cellular functions in 

both groups.  

The total of 522 proteins that decreased in relative abundance after CA when compared to 

NA plants showed a frequency profile that increased over time: 97 (19%), 332 (64%), 456 (87%), 

and 421 (81%) proteins showed significant relative decreases at CA2, CA4, CA6 and CA8, 

respectively (Figure 2.2, Figure S3.3). For the most part (61%), the identified proteins showed 

relative decreases in abundance that were at, or just modestly greater than, 1.5-fold, but 

approximately 1% and <1% showed decreases that were one and two orders of magnitude greater, 

respectively. Proteins that decreased in relative abundance with the greatest fold changes are 

listed (Figure S3.4) and grouped according to functional categories (Figure 2.4). The most notable 

decreases in relative abundance were in proteins with likely functions in energy metabolism (24 

in CA2 and 97 in CA6 plants), including cytochrome b5, Bradi2g62010.1 (Gou et al., 2019) and 

probable L-gulonolactone oxidase 4, Bradi3g13700.1 (Maruta et al., 2010). Proteins belonging to 

other functional classifications also decreased in relative abundance after low temperature 

treatment. These included those associated with disease and defense (13 in CA2 and 68 in CA6 

plants) as well signal transduction (seven in CA2 and 51 in CA6 plants). Not all of the identified 

proteins are known to localize to the PM, as discussed below. 
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Figure 2.3 Brachypodium distachyon proteins undergoing the greatest fold increases in relative 

abundance during CA. Data are shown for (A) 2 days and (B) 6 days of CA. Values are the average 

of four replicate trials and protein annotations were predicted as previously described. Error bars 

represent the standard error of the mean. A pseudocount of one was added to the non-acclimated 

value for proteins that were not detected under that experimental condition. The 10 proteins with 

the greatest fold relative increases are labeled accordingly. 
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Figure 2.4 Functional analysis of proteins whose relative abundance was impacted by 2 and 6 days 

of CA. Predicted functional categories of proteins that (A) increased in relative abundance at 2 days 

and (B) 6 days and (C) decreased in relative abundance at 2 days and (D) 6 days (|mean fold-change| 

> 1.5, p-value Ò 0.05, based on four replicates) compared to nonacclimated controls. Functional 

descriptions were manually predicted using UniProt, RIKEN, Brachypodium FL cDNA database, 

BLAST, and literature searches. Scales are all equal. 
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2.4.3 Identification of proteins involved in the two phase cold-induced response 

As indicated, the numbers of significant changes in PM-associated protein relative 

abundance were highest at CA6, although electrolyte leakage assays indicated that CA2 plants 

were similarly protected from freezing damage (Figure 2.1A; Figure S3.1). This suggests that 

early CA-mediated PM changes, including changes in the proteome, are sufficient for membrane 

protection. As indicated, the impact on the proteome could be grouped as an early (CA2 and 

CA4) and a sustained (CA6 and CA8) response and thus a categorical analysis of the annotated 

proteome focused on proteins increased in abundance in CA2 and CA6 plants to represent these 

two phases (Figure 2.2 and Figure 2.4). In CA2 plants, the protein with the greatest relative 

increase (483-fold) was a predicted dehydrin COR410-like protein (Bradi3g51200.1), which 

increased an order of magnitude more than the second and third most abundantly increased 

proteins, a 97 kDa heat shock protein-like, Bradi1g32770.1 and a phosphatidylinositol transfer 

protein, Bradi2g09760.1, respectively (Figure 2.3A; File S8; see publication). All of these 

proteins likely play important roles in ensuring membrane integrity. The accumulation of the 

COR410-like protein remained elevated with respect to NA plants in CA6 plants, however, eight 

other proteins showed greater relative fold-increases at the later time (Figure 2.3B). Thus, the 

early proteome response to low temperatures, coincident with CA-induced membrane protection, 

was followed by a later response that included a large number of additional proteins.  

The three proteins with the greatest relative fold-increases in CA6 plants were an ABC 

transporter C-family 5 like protein (Bradi1g75590.1), an F-box domain containing protein 

(Bradi4g08900.1), and a putative ankyrin repeat protein (Bradi2g58330.1) that showed a 

>19,000-fold increase in relative abundance over the level in NA plants (Figure 2.3B). Other 

proteins with large increases in relative abundance (> 1.5-fold) following six days of CA included 

ROS scavengers (catalase, Bradi1g76330.1; phospholipid hydroperoxide glutathione peroxidase 

1, Bradi1g47140.1), heat shock proteins or HSPs (97 kDa heat shock protein-like, 

Bradi1g32770.1; heat shock cognate 70 kDa protein-like, Bradi1g66590.1), sugar transporters 
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(bidirectional sugar transporter SWEET1b-like, Bradi2g24850.1; sucrose transport protein SUT1-

like, Bradi1g73170.1), dehydrins (the mentioned dehydrin COR410-like, Bradi3g51200.1; 

dehydrin COR410-like, Bradi5g10860.1), heavy metal-associated isoprenylated plant proteins or 

HIPPs (heavy metal-associated isoprenylated plant protein 27, Bradi1g70700.1; heavy metal-

associated isoprenylated plant protein 20, Bradi3g04270.1), phospholipase D (Bradi4g36800.1), 

and a glutamate receptor (Bradi4g30850.1). As a group these could function to support long-term 

survival under conditions of stress. In addition, there were five proteins that were only identified 

following CA, which are predicted to have roles in transcription (RRM domain-containing 

protein, Bradi2g24690.1; Lorkoviĺ and Barta, 2002), signal transduction (two-component 

response regulator, Bradi2g58020.1; Lohrmann and Harter, 2002), defense signaling (putative 

ankyrin repeat protein, Bradi2g58330.1; Yang et al., 2012), and cold perception (glutamate 

receptor, Bradi4g30850.1; Gong et al., 2019), as well as an unclassified protein (ER 

metallopeptidase 1-like, Bradi5g15930.1; Marino and Funk 2012). The complete dataset of 

annotated CA6 increased proteins is available in File S9 (see publication). 

Concomitant with the increased abundance of many PM proteins, those that decreased in 

relative abundance by two days of CA included enzymes likely required for nutrient uptake, and 

PM H+ ATPases (PM ATPase, Bradi5g24690.1 and PM ATPase 1-like, Bradi1g54847.1; 

Morsomme and Boutry 2000). By CA6 some of these further decreased in relative abundance and 

were joined by additional PM H+ ATPases, consistent with reports from cold-stressed 

Arabidopsis (Muzi et al., 2016). Likewise, other PM ATPases decreased in relative abundance 

after two days (V-type ATPase, Bradi1g67960.1 and AAA+ ATPase, Bradi1g48010.1), and more 

after six days of CA (another AAA+ ATPase, Bradi1g36830.1; V-type proton ATPase subunit F, 

Bradi2g39610.1; and Obg-like ATPase, Bradi3g17680.1), further suggesting an early and 

sustained response to low temperature exposure at least with regard to the numbers of impacted 

proteins. It is important to note that although many of the PM-associated proteins that decreased 
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in relative abundance have been categorized to a single function, most notably in energy and 

metabolism (Figure 2.4), some may have other documented roles. 

Protein localization algorithms (DeepLoc-1.0, BUSCA, WolF PSORT) predicted that 

46% (26/57) of proteins at CA2 and 39% (88/224) of proteins at CA6 that increased in relative 

abundance were associated with the PM, which is not surprising given the technique designed to 

enrich for PM-associated proteins and highlighting the difficulty in the recovery of hydrophobic 

PM proteins. In contrast, 42% (41/97) of the proteins at CA2 and 38% (175/456) of those 

identified at CA6 that showed decreases in relative abundance were predicted to localize to the 

cytosol (Files S6 and S7). Although highly abundant cytosolic proteins could have contaminated 

our PM preparations, some of these proteins may in fact loosely associate with the PM during 

normal growth and weaken as the PM is restructured in response to low temperature. Links to the 

PM are known to vary with reversible lipid interactions (Marmagne et al., 2004; Komatsu et al., 

2006) although this remains to be experimentally determined for proteins identified in our 

analysis. 

2.4.4 Crosstalk between stress response networks 

Low temperatures can result in an increasing vulnerability to effects of additional biotic 

and abiotic stresses in plants (Fujita et al., 2006; Rejeb et al., 2014), and thus CA regimes may 

result in abundance changes in seemingly unrelated stress response proteins to safeguard against 

the effects of combinatorial stresses. In order to gain a better understanding of crosstalk between 

stress networks at the PM, a network map was constructed using stress-related proteins that 

increased or decreased in relative abundance compared to NA plants after two days of CA (Figure 

2.5; see File S2 and File S10 in the publication for the data and interactive network, respectively). 

As expected, the cold stress node showed the largest number of interactions with other stress 

nodes at 41 proteins, including 20 interactions that were also associated with drought, five with 

osmotic stress, and 15 with salt stresses. These proteins included those with predicted functional  
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Figure 2.5 Network illustrating involved stress pathways and crosstalk between proteins 

significantly changed in relative abundance at 2 days of CA. Rectangle nodes represent functional 

protein stress response pathways while circular nodes represent individual proteins. Edges 

connecting protein nodes to stress response nodes represent validated functional associations from 

the literature. Protein function in the stress pathways were validated via Uniprot and literature 

searches, and networks were built using Cytoscape v3.8.1. Node color represents log2 fold-change 

of the protein in the cold-acclimated (2 days) vs non-acclimated PM proteomes. An interactive 

version of the network with encoded metadata is available in Supplementary File S10 of the 

publication. Click on a node to see individual protein accession ID, protein description, log2 fold-

change, predicted functional categories, and degrees of interaction. Click on an individual edge to 

see literature references for the specific proteinïstress response relationship. 
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categories of energy and metabolism (12), disease and defense (11), transporters (six), and signal 

transduction (four). A secondary cluster, the pathogen stress node with 39 proteins, showed 

interactions with other stress nodes, many which overlapped with those seen with cold stress. Due 

to the significantly higher number of proteins, it was not practical to construct a corresponding 

network map for CA6 plants, but functional analysis of the proteins suggests that interactions 

between abiotic stresses would be retained.  

 In order to better understand cellular physiology under cold stress conditions, protein-

protein interaction networks were predicted in silico using STRING (Franceschini et al., 2016; 

Szklarczyk et al., 2019). Again, the proteome of CA2 and CA6 plants were chosen to represent 

early and sustained responses to low temperature. In CA2 plants, proteins largely associated with 

protein synthesis, with energy and metabolism and disease and defense, interacted together and 

with each other in interaction clusters, suggesting that low temperature exposure initiates 

metabolic changes, which would not be unexpected (Figure 2.6; see File S11 of the publication 

for an interactive version of the network). For example, a predicted subunit theta of T-complex 

protein 1, an ATP-dependent molecular chaperone protein that assists in protein folding 

(Bradi4g15450), showed 20 interactions with other proteins and these were primarily heat shock 

proteins, ribosomal subunits, and actins. Similar clusters were retained in the interaction network 

of CA6 plants, but involved many more protein-protein interactions, consistent with the increased 

number of differently abundant proteins at this later time (Figure 2.7; File S12; see publication). 

STRING predicted interactions between Suppressor of G-Two allele of SKP1 (SGT1, 

Bradi2g44030.1) with HSP90s (Bradi1g30130.1; Bradi1g32770.1) and HSP70s (Bradi1g66590.1; 

Bradi2g30660.1) at CA2 (File S11; see publication). Interactions between SGT1, HSP90, and 

HSP70 regulate microbial disease resistance in a number of plant species including Arabidopsis 

(Takahashi et al. 2003; Azevedo et al. 2006; Noël et al. 2007; Spiechowicz et al. 2007) and 

barley (Azevedo et al. 2002; Shen et al. 2003; Hein et al. 2005; Chapman et al. 2021), suggesting  
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Figure 2.6 Predicted proteinïprotein interaction network of all proteins at 2 days of CA. Nodes 

represent individual proteins (154) with node color representing the respective log2 fold-change of 

the protein in the cold-acclimated (2 days) vs non-acclimated PM proteomes. Edges between 

connected nodes represent predicted proteinïprotein interactions. Nodes are grouped based on 

predicted functional categories and labeled accordingly. Nodes on the outer circle of a main 

functional group have predicted functions in secondary categories. Interactions were predicted via 

STRING v11 and the network was prepared using Cytoscape v3.8.1. Darker and thicker edges 

between nodes represent stronger supporting data for the respective interaction. An interactive 

version of the network with encoded metadata is available in Supplementary File S11 of the 

publication. Click on a node to see individual protein accession ID, protein description, log2 fold-

change, functional categories, and degrees of interaction. 

   

Log2Fold-Change

-6 -4 -2 0 2 4 6

Unclassified
Transporters

Signal 

transduction

Energy and 

metabolism

Disease and 

defence

Protein 

synthesis
Secondary 

metabolism

Transcription

Protein destination 

and storage

Growth and 

development

Lipid 

synthesis

Cell growth 

and division

RNA 

modification

DNA 

modification

Transport

Intracellular 

traffic

Cell structure



 

 

 

77 

 

 

Figure 2.7 Predicted proteinïprotein interaction network of all proteins at 6 days of CA. Nodes 

represent individual proteins (680) with fill color representing the respective log2 fold-change of 

the protein in the cold-acclimated (6 days) vs non-acclimated PM proteomes. Edges between 

connected nodes represent predicted proteinïprotein interactions between connected proteins. 

Nodes are grouped based on predicted functional categories and labeled accordingly. Nodes on the 

outer circle of a main functional group have predicted functions in secondary categories. 

Interactions were predicted via STRING v11 and the network was prepared using Cytoscape v3.8.1. 

Darker and thicker edges between nodes represent stronger supporting data for the respective 

interaction. An interactive version of the network with encoded metadata is available in 

Supplementary File S12 of the publication. Click on a node to see individual protein accession ID, 

protein description, log2 fold-change, functional categories, and degrees of interaction. 
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that immune signaling pathways are upregulated in response to low temperature treatment. In 

CA6 plants, such predicted interactions were conserved but also expanded (File S12; see 

publication). These involved additional HSPs and other immune-related proteins, including 

stromal HSP70 (Bradi2g30560.1), HSP81-1s (Bradi3g39590; Bradi3g39620.1), activator of 

HSP90 (Bradi3g37790.1), respiratory burst oxidase homolog protein B-like (Bradi2g12790.2), 

HSP70-HSP90 organizing protein (Bradi3g50110.1), and two peptidyl-prolyl cis-trans isomerases 

(Bradi1g34750.1; Bradi2g39950.1) with known functions in immune response (Mokryakova et 

al. 2014). Interestingly, the respiratory burst oxidase homolog protein B-like, which is involved 

in pathogen resistance in Arabidopsis (Hawamda et al. 2020), shows additional predicted 

interactions with calcium-dependent protein kinase 13 (Bradi5g19430.1), mitogen-activated 

protein kinase (Bradi1g65810.1), catalase (Bradi1g76330.1), and an ammonium transporter 

(Bradi2g22750.1), further suggesting the activation of immune signaling pathways as a result of 

cold stress.  

A single example of a protein with many interactions at CA6, allene oxide synthase 3 

(Bradi3g08250.1), involved in the biosynthesis of jasmonic acid and plant defense (Farmer and 

Goossens, 2019), showed 137 interactions with other proteins associated with functions in protein 

synthesis, as well as disease and defense. The correlation of time at low temperature and the 

number of protein interactions was also reflected in the 6.4-fold increase in the mean number of 

interactions shown by each protein depicted in the CA2 (3.3) and CA6 (21) networks. Overall, a 

short period of CA resulted in an interaction network containing 154 nodes as individual proteins, 

and 252 edges, representing predicted interactions. This increased to 680 nodes and 7,152 edges 

in CA6 plants (Figures 2.6 and 2.7; Files S11 and S12). The increasing complexity of protein-

protein interactions and the increased number of cross-talk pathways as low temperature exposure 

continues suggests that after the establishment of the early response, the cold resistance 

phenotype is supported by the proteins associated with the sustained response. 
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2.5 Discussion 

Our motivation to understand PM proteome changes associated with CA in the model 

monocot Brachypodium was the need to address temperature-related challenges to food security, 

linked to climate change. Our results suggest that freeze-tolerance in this species is a dynamic 

process, with an early frost-resistance response that can be achieved within two days of CA, but 

thereafter, additional changes to the PM occur four or more days later that presumably allows for 

a sustained response for low temperature survival. The presence of these two phases of freezing 

tolerance is supported by multiple lines of evidence, most notably: i) the acquisition of PM 

protection in CA2 plants, ii) the rapid accumulation of sucrose by CA2, followed by further 

sucrose accumulation after six days, and iii) changes in relative protein abundance, demonstrated 

by heatmaps, functional profiles, as well as network analysis generated from the MS protein 

discovery that could be divided into two groups: CA2-CA4 and CA6-CA8 (Figures 2.1-2.7). 

2.5.1 The early response to cold acclimation 

An early or rapid response to low temperature is sufficient to maintain PM integrity as 

assessed by electrolyte leakage. Of the 1,349 PM-proteins identified by nano-liquid 

chromatography-MS, the relative abundance of 57 PM proteins increased > 1.5-fold after two 

days of CA. These 57 proteins likely function in supportive roles to ensure membrane integrity at 

low temperatures. Consistent with this hypothesis, the vast majority (88%) of these proteins also 

increased in relative abundance in initial Brachypodium experiments that examined the NA and 

CA2 PM proteome using an acclimation temperature of 4 °C (File S13; see publication) 

demonstrating a conserved and repeatable proteomic response, coincident with membrane 

integrity. Functional annotation and categorization of the proteins suggested that the early 

response includes a global shift in proteins from those associated with energy and metabolism, as 

well as growth and development, identified in the NA PM proteome towards the accumulation of 

stress-related proteins after CA. Indeed, proteins identified in our two experimental CA 
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Brachypodium PM proteomes were fairly consistent with those identified for the CA Arabidopsis 

PM proteome (Miki et al., 2019). For example, transporters and signal transduction proteins, 

including kinases, increased in relative abundance coincident with PM freeze protection in 

Arabidopsis following two days of CA. For Brachypodium proteins that significantly decreased 

and increased in relative abundance (27% and 13%, respectively), at least one ortholog was found 

to change in abundance in the same direction in the CA Arabidopsis PM proteome (Miki et al., 

2019). When the reverse analysis was performed, 37% and 15% of the significantly decreased 

and increased proteins, respectively, from the CA Arabidopsis PM proteome had an ortholog in 

our corresponding dataset that changed in abundance in the same direction. This result suggests at 

least a partially conserved response to low temperature between Brachypodium and Arabidopsis 

at the PM. It is not surprising that they are not identical considering their evolutionary distance 

and the differences in freezing tolerance as determined by their capacity to survive low 

temperatures after CA, with Arabidopsis at -6 to -11 °C, depending on the accession, vs. 

Brachypodium at -12 °C; (Kaplan et al. 2004; Hannah et al. 2006; Mayer et al. 2020).  

Proteins with the highest increases in relative abundance are obvious candidates to assist 

in the protection of vulnerable PMs. A striking 483-fold elevation in relative abundance at CA2 

was observed for COR410-like (Bradi3g51200.1), a dehydrin family cold-regulated protein. 

Transcripts encoding this protein have previously been shown to accumulate after low 

temperature exposure in Brachypodium (Mayer et al., 2020) and orthologous COR47 

(At1g20440.1), as well as the related COR78 (At5g52310.1), also showed relative increases in 

abundance after CA of Arabidopsis (Miki  et al., 2019). It is thought that dehydrins, which are 

intrinsically disordered PM-associated proteins, act as chaperones to prevent protein denaturation 

during dehydration (Singh et al., 2019). These proteins likely interact with sucrose to change the 

glass transition temperature, decreasing the probability of ice crystal formation at sub-zero 

temperatures (Wolkers et al., 2001). Consistent with this finding, increasing levels of 
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osmoprotectants including raffinose, glucose, and a 13-fold increase in sucrose were observed in 

CA2 plants (Figure 2.1). It should be recalled that under freeze conditions, most free water is 

bound as ice, thus a PM-dehydrin is likely critical to freezing tolerance and it is not surprising 

that the relative abundance would be increased to such a high level.  

Other proteins that increased approximately two-fold in relative abundance by CA2 also 

appear to be important for PM protection. For example, a protein closely related to 97 kDa HSP 

(Bradi1g32770.1) could act similarly to COR410 and serve as a chaperone for PM stabilization. 

Phosphatidylinositol transfer protein (Bradi2g09760.1) ferries phospholipids to the PM and 

would also play a key role in PM restructuring; indeed, the abundance of 

glycosylphosphatidylinositol-anchored proteins in Arabidopsis has been reported to increase 

almost two-fold after CA (Takahashi et al., 2016).  

At CA2, 97 proteins showed a significant decrease in relative abundance (File S6; see 

publication). Notably, an estimated 42% of these proteins were annotated not as PM proteins but 

as cytoplasmic proteins. PM proteins can be reversibly associated with lipids or other proteins on 

the membrane (Marmagne et al., 2004). Thus, it is possible that some of these proteins could be 

loosely associated with the PM but as low temperature-induced restructuring of the PM 

commenced and continued, such associations could weaken or strengthen, resulting in their 

apparent decrease or increase in relative abundance, as has been reported for cold-stressed rice 

leaves (Komatsu et al., 2006). Proteins known to be associated with PMs under different 

conditions and that decreased in relative abundance were dominated by the so-called ñmaster 

enzymesò, PM H+ ATPases (PM ATPase, Bradi5g24690.1; PM ATPase 1-like, Bradi1g54847.1) 

as well as other ATPases (V-type ATPase, Bradi1g67960.1; AAA+ ATPase, Bradi1g48010.1). 

Such PM ATPases are crucial for cell growth and maintain the transmembrane electrochemical 

gradient necessary for nutrient uptake (Morsomme and Boutry 2000). Thus, similar to other 

plants including Arabidopsis, there were relative abundance decreases in proteins annotated as 
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having functions in cell growth, metabolism, and signal transduction (Huot et al., 2014; Fürtauer 

et al., 2019). Thus, Brachypodium likely generally redirects energetics towards low temperature 

protection, and away from growth as a general response during plant CA. 

2.5.2 The sustained response to cold acclimation 

 As CA progressed over several days, dynamic changes in the PM-associated proteome 

were observed. Heatmaps showed patterns consistent with longer CA (CA6 and CA8) showed 

similar PM-proteome patterns that were distinct from the shorter exposure patterns (CA2 and 

CA4), again suggesting an early low temperature response followed by a sustained response. By 

CA6, 224 PM proteins were increased in abundance, 167 more than at the earlier time point. Of 

these, 20% (45) and 9% (21) showed fold-changes upwards of two or three orders of magnitude, 

respectively. The protein showing the greatest relative increase (~55,000-fold) was an ABC 

transporter C-family member 5 like protein (Bradi1g75590.1). Such transporters have been 

previously reported to function in abiotic and biotic stress responses through cellular 

detoxification, and through compound exchange of hormones, metabolites, and defense 

molecules (Kang et al., 2011; Hwang et al., 2016). After prolonged low temperatures, their role 

in detoxification is likely key to Brachypodium survival. Research with cold-stressed Arabidopsis 

has shown that similar ABC transporters have phosphorylation-level regulation within the 

membrane, further highlighting their importance (Kamal et al., 2020). 

As noted, dehydrins interact with soluble carbohydrates, and after prolonged CA, sucrose 

reached concentrations in the leaves as high as 38 mg g-1. The time course of the increase in sugar 

concentrations in CA Brachypodium is similar to that reported for Arabidopsis as well as cereal 

crops (Plazek et al., 2003; Kamata and Uemura, 2004; Klotke et al., 2004). Although this 

concentration is sufficient to lower the freezing point by a fraction of a degree, more importantly 

sucrose has additional roles in directly stabilizing membranes (Strauss and Hauser 1986) and can 

scavenge ROS even more efficiently than dedicated scavenging enzymes (Nishizawa-Yokoi et 
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al., 2008; Stoyanova et al., 2011; Tarkowski and Van den Ende 2015). Sucrose is also involved in 

signaling and sugar synthesis activation (Kooiker et al., 2013), and the ñsweet immunityò that 

aids in pathogen recognition (Duran-Flores and Heil 2016). Coincident with the increase in sugar 

concentrations over the course of CA, a sugar transporter, (SWEET; Bradi2g24850.1), and a 

sucrose transporter SUT1-like protein (Bradi1g73170.1) increased in relative abundance, with 

two sucrose synthases (Bradi1g46670.1; Bradi1g60320.1) and two bidirectional SWEET sugar 

transporters (Bradi2g11920.1; Bradi2g56890.1) decreasing in relative abundance. Glycerol 

accumulation has also been shown to enhance abiotic stress resistance including cold resistance 

(Eastmond, 2004). Although we did not assay for glycerol, we noted that glycerol kinase 

(Bradi5g23940.1) decreased in abundance after CA, suggesting reduced glycerol degradation 

allowing for accumulation of the polyol. After a week at low temperature, Arabidopsis also 

showed relative increases in monosaccharide and sucrose transporters (Miki et al. 2019) 

indicating that soluble carbohydrate regulation is a common strategy for cold tolerance in 

evolutionarily distinct plants. 

By CA6 there were 456 proteins displaying significant decreases in abundance (> 1.5-

fold), approximately four-fold more than the number that decreased in abundance at CA2, 

including the PM ATPases (Bradi5g24690.1; Bradi1g54847.1; Bradi1g67960.1; 

Bradi1g48010.1). This observation is similar to reports from cold-stressed Arabidopsis (Muzi et 

al., 2016), but Brachypodium is notable for the large numbers of proteins that decreased in 

relative abundance during the sustained response, even with respect to the Arabidopsis dataset 

(Figure 2.2B,C). This again underpins our contention that normal growth in CA plants is arrested 

in order to utilize resources for stress responses, and Brachypodium may be more efficient than 

the dicot in this regard.  
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2.5.3 Cross resistance to abiotic and biotic stresses 

A network map enabled the visualization of relationships between the PM proteins whose 

abundances were influenced by CA, with its construct partially motivated by the observation that 

some other proteins could have roles in stresses that could accompany low temperatures (Figure 

2.5). Cold stress and pathogen stress represented the largest numbers of interactions (41 and 39, 

respectively) with proteins known to be associated with drought, osmotic, and salt stress 

clustering with the low temperature responses, as might be expected from the known freeze-

induced exclusion of solutes and cellular dehydration. The network indicates numerous instances 

of ñcrosstalkò among identified proteins, strongly suggesting that CA can ñprimeò Brachypodium 

for resistance to other abiotic and biotic stresses. STRING was used to interrogate protein-protein 

interactions in the CA-induced PM proteome, which led to the identification of protein-

interaction clusters associated with protein synthesis, and metabolism and energy production 

(Figures 2.6 and 2.7). The translational apparatus showed numerous interactions, but overall, 

there were hundreds of proteins with reduced relative abundance after CA that appeared to reflect 

a change in metabolism and the redirection of energy away from growth. Translation reduction 

shown in cold-treated Arabidopsis triggers an intracellular increase in Ca2+ with the consequent 

regulation of cold-responsive genes (Guo et al., 2002; Zarka et al., 2003). Interactions in 

Brachypodium were generally conserved in CA2 and CA6, albeit with more interactions between 

the greater number of proteins identified after the longer cold exposure.  

Cross resistance to a variety of stresses is evolutionarily adaptive since plants are rarely 

exposed to a single stress and extensive crosstalk exists between biotic and abiotic stress response 

pathways (Fujita et al., 2006; Rejeb et al., 2014). Subsequent to CA, immune signalling involved 

a host of HSPs and chaperones as well as peptidyl-prolyl cis-trans isomerases, a respiratory burst 

oxidase homolog protein B-like involved in pathogen resistance, and calcium-dependent protein 

kinase 13, as detailed in Results. This strongly suggests the activation of immune signaling 

pathways as a result of cold stress.  
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A single example of a protein with many interactions at CA6, allene oxide synthase 3 

(Bradi3g08250.1), involved in the biosynthesis of jasmonic acid and plant defense (Farmer and 

Goossens 2019), showed 137 interactions with other proteins associated with functions in protein 

synthesis, as well as disease and defense. Thus, the number and the identification of protein-

protein interactions shows an obvious link between low temperature stress and defense. The 

incidence and severity of bacterial and fungal diseases is known to be influenced by abiotic 

stresses including drought, extreme temperatures, or salinity (Moeder and Yoshioka; Snapp 1992; 

Koga et al., 2004; Freeman and Beattie 2009). With regards to low temperature stress, wilting 

and necrosis caused by freezing damage can provide new entry points for pathogens, making 

plants susceptible at even low levels of infection. As well, psychrotolerant pathogens that thrive 

under the low ambient temperatures are more abundant, with some having the ability to initiate 

ice crystal formation at high sub-zero temperatures (Lindow et al., 1982; Wu et al., 2014). 

Indeed, CA winter cereals show higher disease resistance following low temperature exposure 

(Kuwabara and Imai 2009; Wu et al., 2014; Pogány et al., 2016) and certain genes are similarly 

upregulated in response to both low temperature and exposure to pathogens (Yeh et al., 2000; Wu 

et al., 2014). As such, plants that are tolerant to one stress are likely to have elevated tolerance to 

another stress as is evidenced by our meta-analysis. It is possible that such cross-resistance could 

be exploited for the production of crops that are better suited to multiple abiotic stresses 

associated with our changing environment. 

2.5.4 Conclusions 

Taken together, we demonstrate the successful application of a two-phase partitioning 

system in combination with label-free quantification of proteins to achieve a PM enriched 

proteome in the model monocot, Brachypodium. In addition to identifying promising new protein 

and gene targets for research into cold tolerance, we have provided large scale datasets for future 

researchers to mine and analyze and have importantly shown that changes in PM protein 
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accumulation during days of CA are both dynamic and effective. We have also seen that 

monocots likely share certain freeze-resistance pathways and strategies with those that may be 

better known in dicots. Together our increased understanding of low temperature responses 

represents an additional step towards enhanced cold tolerance in crops and a reduction in the 

sizable economic losses stemming from crop destruction due to increases in frost events 

attributed to our modern climate-mediated crisis. 
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Chapter 3 

Cold acclimation in Brachypodium is accompanied by changes in above-

ground bacterial and fungal communities 

3.1 Abstract 

Shifts in microbiota undoubtedly support host plants faced with abiotic stress, including 

low temperatures. Cold-resistant perennials prepare for freeze stress during a period of cold 

acclimation that can be mimicked by transfer from growing conditions to a reduced photoperiod 

and a temperature of 4 °C for 2ï6 days. After cold acclimation, the model cereal, Brachypodium 

distachyon, was characterized using metagenomics supplemented with amplicon sequencing (16S 

ribosomal RNA gene fragments and an internal transcribed spacer region). The bacterial and 

fungal rhizosphere remained largely unchanged from that of non-acclimated plants. However, 

leaf samples representing bacterial and fungal communities of the endo- and phyllospheres 

significantly changed. For example, a plant-beneficial bacterium, Streptomyces sp. M2, increased 

~4-fold in relative abundance in cold-acclimated leaves, and this increase correlated with a 

striking decrease in the abundance of Pseudomonas syringae (from 8% to zero). This change is of 

consequence to the host since P. syringae is a ubiquitous ice-nucleating phytopathogen 

responsible for devastating frost events in crops. We posit that a responsive above-ground 

bacterial and fungal community interacts with Brachypodiumôs low temperature and anti-

pathogen signalling networks to help ensure survival in subsequent freeze events, underscoring 

the importance of inter-kingdom partnerships in the response to cold stress. 
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3.2 Graphical abstract 
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3.3 Introduction  

As sessile organisms, plants are at the mercy of an array of abiotic stresses, and, as winter 

approaches in mid- to high-latitudes and altitudes, one such stress is low temperature. Plants 

employ various strategies that allow them to recognise and cope with the cold (Juurakko et al., 

2021a). As autumn progresses, perennials undergo a period of cold acclimation, which in a few 

days of low temperature exposure allows them to physiologically prepare for freezing conditions. 

Such preparations include changed levels of hundreds of proteins, the accumulation of fatty acids, 

lipid remodelling for plasma membrane protection, increased production of cryoprotective 

metabolites, such as soluble sugars and amino acids, as well as chaperones and reactive oxygen 

scavengers (Suzuki and Mittler 2006). This acclimation process also appears to coincide with 

changes in host-associated microbial communities. Such a turnover in microbiota could assist 

plants in preparing for sub-zero temperature conditions and their vulnerability to psychrophilic 

pathogens. Indeed, winter seasonality in the plant microbiome has been previously reported 

(Grady et al., 2019; Bei et al., 2021; Chialva et al. 2021). Although the impact of cold 

acclimation on the microbiomes of perennial grass has not been hitherto explored, the 

identification of their bacterial and fungal communities offers the promise of understanding how 

the battle against coming winter conditions can be won by partnerships. 

The perennial grass and model cereal, Brachypodium distachyon (hereinafter, 

Brachypodium), is capable of cold acclimation, reaching peak freezing tolerance after two days at 

4 °C, and is associated with changes in the abundance of multiple plasma membrane proteins at 

2ï6 days (Juurakko et al., 2021b). In turn, these proteins are involved in complex crosstalk 

networks that prime the Brachypodium defensive response to a variety of abiotic and pathogenic 

stresses. Studies of cold acclimation have, for the most part, ignored the host-associated 

microbiota (Thomashow, 1999; Juurakko et al., 2021a; Guo et al., 2018). Nevertheless, the plant 
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microbiome is emerging as an important factor in stress responses, including symbiont-mediated 

tolerance (Acu¶a Rodr²guez et al., 2020; Liu et al., 2020). 

The general beneficial effects of microbes on plant fitness under a variety of stressful 

conditions have recently come to be known as the ñDefence Biomeò (Saikkonen et al., 1998; 

Yadav, 2010; Porras Alfaro and Bayman, 2011; Hardoim et al., 2015; Rho and Kim, 2017; Rho 

et al., 2018; Beirinckx et al., 2020; Liu et al., 2020; Juurakko et al., 2021a). Symbiont-mediated 

fitness benefits may be a collective result of microbial exudates and function, for example, by 

facilitating early stress sensing and more efficient nutrient uptake and transfer, as well as by the 

induction of plant stress genes (Acu¶a Rodríguez et al., 2020; Liu et al., 2020). Specifically, 

symbiont-mediated cold tolerance has been directly demonstrated with some plant species and 

plant growth promoting bacteria (PGPBs) (Acu¶a Rodr²guez et al., 2020). For example, 

Burkholderia phytofirmans-inoculated grape vines expressed cold stress responsive genes earlier 

than non-inoculated vines (Theocharis et al., 2012) and Streptomyces neyagawaensis J6-

inoculated turfgrass showed enhanced cold tolerance over non-inoculated plants (Jeon et al., 

2021). Microbes thus have a demonstrated role in plant protection. They excrete a variety of 

products to benefit host plants, including anti-pathogenic microbial compounds and osmolytes, 

including proline and trehalose, as well as scavengers of reactive oxygen species, such as 

superoxide dismutase, catalase, and peroxidases (Liu et al., 2017; Acu¶a Rodr²guez et al., 2020; 

Liu et al., 2020). Taken together, plant-associated microbial communities undoubtedly help 

plants to survive cold stress. 

The identification of host-associated microbiota that enhance freezing tolerance may lead 

the way to the development of synthetic cocktails of species that could eventually be used to 

inoculate crops or seeds to enhance cold tolerance (Rocha et al., 2019). Here, shotgun sequencing 

and metagenomic analysis of the phyllosphere/endosphere and rhizosphere in cold-acclimated 

Brachypodium is an important first step towards this goal. Our experimental inoculation of a 
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commercial growing mix with old pasture soil allowed for the exposure and subsequent 

identification of bacterial and fungal taxa that thrived after transfer of the growing plants to low 

temperatures and thus are prospective native partners in the cold acclimation process. In addition, 

we contribute to the general appreciation of the robustness of the plant abiotic stress response, 

which employs communities of diverse organisms for survival. 

3.4 Methods 

3.4.1 Soil inoculation and preparation 

Commercial potting soil (Sun Gro Horticulture, Agawam, MA, USA) was autoclaved 

twice and sealed in a double layer of plastic autoclave bags before being inoculated with bulk 

field soil (5% w/v). Bulk field soil was sampled using a sterilized trowel from the active layer (3ï

7 cm depth) in autumn (29 October 2020) after 96 h of day and night temperatures of ~5 °C and 

~0 °C, respectively. The sampled fallow field had been left unfertilized and unplowed for 26 

years and without domestic grazing animals for 15 years (Figure S3.1). It was characterized by 

grasses, including orchard grass, brome, and timothy (Dactylis, Bromus, and Phleum species, 

respectively) on clay soils and was located north of Sydenham, Ontario, Canada (44Á24ǋ26ò N, 

76Á36ǋ1ò W). Soils were thoroughly mixed for 15 min using a cement mixer that had been rinsed 

with 70% ethanol, with the inoculated soil then stored in a lidded container that had also been 

rinsed with 70% ethanol. The inoculated soil mixture was kept at room temperature until use. 

3.4.2 Plant material and growth conditions 

Surface sterilized Brachypodium seeds of an inbred line (ecotype: Bd21) (RIKEN, WakǾ, 

Japan) were sown in the inoculated potting soil and grown in a temperature-controlled chamber 

(Conviron GEN2000, Queenôs University Phytotron, Kingston, ON, Canada) on a 20 h light 

(~100 µmol mī2 sī1; 22 °C) and 4 h dark (22 °C) light cycle. Brachypodium that had been grown 

under standard conditions for three weeks (Figure S3.2) were then cold acclimated by transferring 
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the plants to a low temperature chamber (Coldmatic Refrigeration, Etobicoke, ON, Canada) (4 

°C, 12 h light as indicated above; 12 h dark) for 6 days (Juurakko et al., 2021b). Plants 

maintained at standard conditions until time of use were considered the non-acclimated controls. 

3.4.3 Microbiome extraction and preparation 

Microbiome extractions were performed under sterile conditions. Above ground 

extractions were from tissue excised from the tips of primary leaves. Phyllosphere microbes are 

found on the leaf surface and endosphere microbiota include communities that enter the plant 

through the leaves, as well as those that circulate within the xylem. Rather than separate these, we 

reasoned that both phyllosphere and endosphere communities would be driven by the changing 

environmental conditions, in addition to plant interactions. Accordingly, these leaf microbiota 

were extracted together using a DNeasy Plant Pro Kits (Qiagen, Hilden, Germany), following the 

manufacturerôs recommended directions, using 10 mg of leaf tissue per plant (10 plants per 

replicate for a total of 100 mg of tissue) and three replicates.  

Extractions of the below ground, tightly bound root soil of the rhizosphere (Figure S3.3) 

were performed as previously described (Kawasaki et al., 2016) using a DNeasy PowerSoil Pro 

Kit (Qiagen, Hilden, Germany), following the manufacturerôs recommendations. Adhering root 

soil (25 mg per plant) was released from the roots following careful removal of the plants from 

the pots and gentle shaking. Extra care was taken to remove any root tissue, or non-soil material 

from samples, such as wood or perlite. Three replicates were performed, each using 10 individual 

plants. DNA purity and concentration was quantified using a Synergy H1 microplate reader with 

a Take3 Micro Volume Plate (both BioTek Instruments Inc., Winooski, VT, USA). 

3.4.4 Shotgun metagenomics library preparation and sequencing 

Libraries were prepared using an Illumina DNA Prep (M) Tagmentation library 

preparation kit (Illumina Inc., San Diego, CA, USA), following the manufacturerôs user guide. 

Initial DNA concentration was evaluated using the Qubit dsDNA HS Assay Kit (Life 
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Technologies, Carlsbad, CA, USA). Eukaryotic DNA was depleted in leaf tissue samples using 

an NEBNext Microbiome DNA Enrichment Kit (New England Biolabs, Ipswich, MA, USA), 

following the manufacturerôs user guide to decrease the probability of recovery of host genomic, 

chloroplast, and mitochondrial DNA sequences (Feehery et al., 2013). DNA (500 ng) was used 

for depletion of the eukaryotic DNA, as recommended by Molecular Research LP (MR DNA; 

Shallowater, TX, USA). The enriched microbial DNA was quantified using the Qubit dsDNA HS 

Assay Kit (Life Technologies, Carlsbad, CA, USA) (Table S3.1). Subsequently, 50 ng of DNA 

was used to prepare the libraries. The samples underwent simultaneous fragmentation and 

addition of adapter sequences, which were utilized during a limited cycle polymerase chain 

reaction in which unique indices were added to the sample. Following library preparation, library 

concentration and mean library size were determined using the Qubit dsDNA HS Assay Kit (Life 

Technologies, Carlsbad, CA, USA) and the Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA, USA), respectively. Libraries were pooled in equimolar ratios (0.6 nM), and 

sequencing was performed on a NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) to 

a depth of 10 million 2 × 150 bp reads. 

3.4.5 Preprocessing and quality control  

Analysis of sequencing data was performed following the Sunbeam pipeline (v2.1.0) 

(Clarke et al., 2019) with 26 available cores (15.425 Gb of memory each) on Ubuntu (v18.04.05). 

Raw fastq files of paired end reads were quality controlled to remove adapter sequences using 

Cutadapt (v3.4.0) (Martin, 2011) and Trimmomatic (v0.3.9) (Bolger et al., 2014), following 

which read quality was assessed using FastQC (v0.11.9) (Andrews, 2010). Low complexity 

sequences were masked using Komplexity (v0.3.6) (Clarke et al., 2019) and contaminating plant 

host reads were removed by Sunbeam following mapping of reads to the Brachypodium genome 

(RefSeq assembly accession GCF_000005505.3) using BWA (v0.7.17) (Li and Durbin, 2009). 

Following initial host read decontamination, individual reads were interrogated using the National 
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Center for Biotechnology Information (NCBI) BLAST (blastn; available at 

https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 18 August 2021), revealing numerous hits to 

mitochondrial genomic sequences. Subsequently, several mitochondrial genomic sequences 

(detailed below) were subsequently downloaded and added to the host genome path for removal 

of contaminating mitochondrial sequences. This process was repeated until a subset of individual 

reads did not return any mitochondrial genomes with high coverage.  

Most mitochondrial genomes used to filter contaminating sequences were retrieved from 

NCBI from the following species with GenBank IDs: Saccharum officinarum cv. Khon Kaen 3 

(NC_031164.1), Sorghum bicolor (NC_008360.1), Triticum aestivum cv. Chinese Yumai 

(NC_036024.1), Oryza sativa (NC_011033.1), Zea mays (NC_007982.1), Lolium perenne 

(JX999996.1), Oryza coarctata (MG429050.1), Sporobolus alterniflorus (MT471321.1), 

Aegilops speltoides (AP013107.1), Stipa capillata (MZ161090.1, MZ161091.1, MZ161093.1, 

MZ161092.1), Bambusa oldhamii (EU365401.1), and a Brachypodium sequence (AC276583.1), 

suggesting a partial Brachypodium mitochondrial draft genome. In addition, the Hordeum vulgare 

mitochondria genome sequence was downloaded from Ensembl Plants (ID: IBSC_v2, 

chromosome Mt). Pre-processing and quality control data is summarized in Table S3.2. 

3.4.6 Taxonomic classification 

Taxonomic assignment was performed on the quality controlled and host decontaminated 

reads using a Kraken2 (v2.1.2) (Wood et al., 2019) database containing RefSeq libraries 

(OôLeary et al., 2016) of archaea (628 sequences), bacteria (58,811 sequences), fungi (1579 

sequences), and protozoa (11,151 sequences) for a total of 72,217 sequences and ~110 billion bp 

(as of 24 June 2021). A Bayesian re-estimation of abundance with the Kraken (Bracken) (v2.6) 

(Lu et al., 2017) database was subsequently built with the Kraken2 database using the default 35 

k-mer length and 150 bp read lengths. Kraken2 was run as an integrated module of Sunbeam 

using the development branch. Bracken was run on the Kraken2 output files, and the Bracken 
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outputs were combined using the combine_bracken_outputs.py function for downstream analysis. 

Barplots were produced using the thresholds indicated in the legends to group together low 

abundant taxa for visual presentation. For diversity analysis, the kraken-biom tool (v1.0.1) 

(https://github.com/smdabdoub/kraken-biom; accessed 27 September 2021) was used to convert 

Bracken outputs at the species level into .biom files for use with the Phyloseq (v1.36.0) 

(McMurdie and Holmes, 2013) and Vegan (v2.5.7) (Oksanen et al., 2020) R packages. 

3.4.7 Core and functional microbiome 

To further characterize the microbiomes, PAST (Paleontological Statistics, v4.08, 

available at https://www.nhm.uio.no/english/research/infrastructure/past/; accessed 15 November 

2021) (Hammer et al., 2001) was used for similarity percentage (SIMPER) analyses using the 

BrayïCurtis similarity matrix to compare leaf and rhizosphere-associated microbiota and to 

facilitate the identification of a core microbiome (Clarke, 1993; Lazcano et al., 2021; Marsh et 

al., 2021). Core microbiomes were calculated based on species and ASVs present in 100% of the 

tissue specific samples with >5% relative abundance. 

Paired end quality controlled and decontaminated reads outputted by Sunbeam were 

concatenated using the command ñcat sample_R1.fq sample_R2.fq > merged_sample.fqò and 

inputted into HUMAnN (v3.0.0) (Beghini et al., 2021) running MetaPhlan (v3.0) (Beghini et al., 

2021), Bowtie2 (v2.4.4) (Langmead and Salzberg, 2012), DIAMOND (v2.0.11) (Buchfink et al., 

2015), and SAMtools (v1.13) (Li et al., 2009; Danecek et al., 2021). Sequences were processed 

using the default UniRef90 database and the following parameters for MetaPhlAn: --stat_q 0, --

bt2_ps very-sensitive-local; the following parameters for HUMAaN 3: --nucleotide-subject-

coverage-threshold 5.0, --translated-subject-coverage-threshold 5.0; and the following parameters 

for and Bowtie 2: -D 20 -R 3 -N 1 -L 20 -i S,1,0.50 --local. 

Gene families were regrouped and renamed to the uniref90_Pfam database using the 

humann_regroup_table and humann_rename_table commands. Special features, including 
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ungrouped genes and unintegrated pathways, were retained by skipping normalization in favour 

of downstream normalization using MaAsLin2 (v1.6.0) (Mallick et al., 2020). The final renamed 

gene family and unnormalized pathway abundance tables were joined using the 

humann_join_table command and split into the stratified and unstratified tables using the 

humann_split_table command, the latter of which was used for differential abundance testing. 

Standard HUMAnN3 MetaCyc assigned metabolic pathways were used for analysis and were 

assigned classes based on the respective associated MetaCyc pathway superclasses. All scripts 

can be found in Supplementary File S1 (see publication). 

3.4.8 Amplicon sequencing 

Aliquots of the DNA extractions used for shotgun sequencing were sent to MR DNA for 

amplification and barcoded amplicon sequencing of the 16S rRNA V4 region using primers 515F 

(5ǋ-GTGYCAGCMGCCGCGGTAA-3ǋ) (Parada et al., 2016) and 806R (5ǋ-

GGACTACNVGGGTWTCTAAT-3ǋ) (Apprill et al., 2015), and of the ITS region using primers 

ITS1F (5ǋ-CTTGGTCATTTAGAGGAAGTAA-3ǋ) and ITS2R (5ǋ-

GCTGCGTTCTTCATCGATGC-3ǋ) (Gardes et al., 1993). Peptide nucleic acid clamps pP01 (5ǋ-

GGCTCAACCCTGGACAG-3ǋ), as previously described (Tannenbaum et al., 2020), were used 

to reduce amplification of Brachypodium contaminating sequences during the amplification of the 

16S rRNA V4 regions. Blank kit controls for both Plant Pro and PowerSoil Pro kits were 

performed in triplicate and subjected to the same amplification and sequencing as the 

corresponding samples. Sequencing was performed on a MiSeq platform (Illumina Inc., San 

Diego, CA, USA) for ITS and NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) for 

16S. 

3.4.9 Amplicon sequence processing 

Sequences were processed using QIIME2 (v2021.4) (Bolyen et al., 2019). Raw .fastq 

files were de-multiplexed and non-biological sequences were removed, including primers, 
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adapters, spacers, and linkers, using FASTqProcessor (v20.11.19). Sequences were trimmed and 

denoised to remove any chimeras and singletons using DADA2 (v1.18) (Callahan et al., 2016) 

before being grouped into amplicon sequencing variants (ASVs). ASVs were used for taxonomic 

classification with SILVA (v138) for 16S rRNA sequences and UNITE (v8) for ITS sequences 

(Quast et al., 2012; Yilmaz et al., 2014; Glöckner et al., 2017; Nilsson et al., 2019; Abarenkov et 

al., 2020; Kõljalg et al., 2020). In the leaf samples, any taxa classified as eukaryota, chloroplast, 

mitochondria, archaea, or unclassified were filtered out of the 16S rRNA feature tables. 

Shannonôs diversity index was used as a measure for alpha diversity and BrayïCurtis 

dissimilarity distance was used as a measure for community dissimilarity. Principal coordinate 

analysis (PCoA) was performed using BrayïCurtis dissimilarity matrices and plots made in R 

using ggplot2. Differential abundance between cold-acclimated and non-acclimated samples and 

between blank kit controls and samples was also assessed at the genus taxonomic levels using 

ANCOM-BC in R (v1.2.2) (Lin and Peddada, 2020). All commands and codes used can be found 

in Supplementary File S1 (see publication). 

3.4.10 Statistical analysis 

All statistical analyses were performed in RStudio (v1.3.1073) running R (v4.1.1) and all 

scripts used are available in Supplementary File S1 (see publication). All plots, when necessary, 

were cleaned up using Inkscape (v0.92.2). Alpha and beta diversity analysis was performed using 

the Vegan and Phyloseq packages and PCoA plots were performed using ggplot2 (v3.3.5). To 

find differentially abundant taxa between the two temperature conditions, ANCOM-BC was run 

on Bracken outputs with default parameters for shotgun data and feature tables for amplicon data. 

Output coefficients representing the natural log fold-change model were converted to log2 fold 

changes. ANCOM-BC outputs were parsed to remove any low abundant taxa from differential 

abundance results. 
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3.5 Results 

3.5.1 Pre-processing, shotgun sequencing, and kit controls 

Initial DNA samples representing the cold-acclimated (CA) leaf and rhizosphere were 

sent for shotgun sequencing without eukaryotic depletion, revealing high host contamination in 

the leaves (not shown). Subsequent replicate samples undergoing eukaryotic depletion proved 

successful as the classification of processed reads showed a full order of magnitude better 

recovery of microbial sequences. DNA and library concentrations and average size, quality 

control, host read decontamination, and Kraken2 classification results are summarized in the 

Supplementary Materials (Figure S3.4, Tables S3.1 and S3.2). Although shotgun DNA library 

construction was attempted on the blank kit controls, a lack of sufficient DNA resulted in no 

results for this sequencing method. However, the same control samples were subject to amplicon 

marker gene sequencing. Following QIIME2 processing, it was determined through diversity 

analysis and PCoA using BrayïCurtis dissimilarities that the microbial compositions associated 

with the kits were significantly different than the Brachypodium leaf (p < 0.001 16S, p < 0.05 

ITS, pairwise PERMANOVA) and rhizosphere microbiomes (p < 0.001 16S, p < 0.05 ITS, 

pairwise PERMANOVA) (Figure S3.5). 

3.5.2 Compatible results with shotgun and amplicon sequencing 

The correlation between taxa identified in both the shotgun data and the amplicon data 

was assessed at the genus level in order to compare the two methods. In the CA rhizosphere, the 

genera identified by shotgun metagenomic and 16S rRNA amplicon sequences, as well as 

shotgun metagenomics and ITS amplicon sequencing, were well correlated (R2 = 0.93 and R2 = 

0.88, respectively) (Figure S3.6). The non-acclimated (NA) rhizosphere shotgun and 16S rRNA, 

and the shotgun and ITS amplicon results (R2 = 0.91 and R2 = 0.45, respectively) also correlated, 

but less well. It is notable that for the leaf microbiome, bacterial taxa in the CA shotgun and 16S 

rRNA samples, as well as for the NA leaf samples, showed mixed correlations (R2 = 0.31 and R2 
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= 0.75, respectively). Insufficient fungal reads in the leaves following Bracken re-estimation 

resulted in no correlation between the shotgun and ITS reads in the leaves. 

3.5.3 Cold acclimation and the rhizosphere microbiome 

In total, 4646 microbial species were identified in the rhizosphere shotgun data with 45 ± 

3% of reads remaining unclassified. The majority of identified reads, 99.70 ± 0.06%, represented 

bacterial microbes with 0.15 ± 0.03% and 0.13 ± 0.02% representing fungi and archaea, 

respectively. Alpha diversity, assessed using Shannonôs diversity index, across all rhizosphere 

samples was 4.98 ± 0.21 and was not significantly different between conditions with 5.07 ± 0.29 

in the CA and 4.91 ± 0.94 in the NA samples. The rhizosphere was dominated by Streptomyces 

sp. M2, a PGPB, accounting for approximately one third of the taxa in all samples. Rounding out 

the top abundant species across the rhizosphere samples were taxa present at 1ï10% abundance, 

which included Actinocatenispora sera, Actinocatenispora thailandica, Rhodanobacter 

denitrificans, and Rhodanobacter sp. FDAARGOS 1247 (Figure 3.1A; Table S3.3). Nearly half of 

all species in the rhizosphere shotgun data were below a cutoff value (0.2%) for low relative 

abundance leaving a balance of 53% and 56% of species found in NA and CA samples, 

respectively. 

The amplicon analysis identified 651 distinct ASVs at the genus level. Alpha diversity 

appeared similar in the NA and CA samples (6.79 ± 0.25 and 6.40 ± 0.16, respectively) and 

differences were not significant. Both conditions were dominated by the genera Streptomyces, 

Actinocatenispora, and Rhodanobacter (Figure 3.1B; Table S3.3). After CA, low abundant taxa 

(<1% relative abundance) remained equal at 29%. Again, a similar number of ASVs were 

considered at low abundance under NA and CA conditions (20% and 15%, respectively). ITS 

analysis showed 25 distinct ASVs at the genus level (Figure 3.1C). Ascomycota and Apiotrichum 

each represented a third of the ASVs in the rhizosphere irrespective of conditions (Figure 3.1C;  
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Figure 3.1 Average relative abundance of the taxonomies of the non-acclimated and cold-

acclimated Brachypodium distachyon rhizosphere microbiomes. (A) Species identified from 

shotgun sequencing and metagenomics classified using a custom Kraken2 database. (B) Distinct 

amplicon sequence variants assigned down to the genus or lowest possible level by QIIME2 using 

the SILVA database for 16S rRNA sequences amplified using the V4 region of prokaryotes. (C) 

Distinct amplicon sequence variants assigned down to the genus or lowest possible level by 

QIIME2 using the UNITE database for ITS regions of eukaryotes. 
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Table S3.3). Alpha diversity, or community richness, was significantly different (p < 0.05, two 

tailed t-test) at 3.43 ± 0.06 in the CA and 3.05 ± 0.17 in the NA. 

Although there were few changes in the rhizosphere community following 6 days at 4 °C, 

differential abundance testing using ANCOM with bias control and parsed for taxa above the 

assigned low relative abundance thresholds (Figure 3.1) identified two modestly differentially 

abundant species (out of 143; 1.4%) in the shotgun data. Kribbella qitaiheensis (log2 fold change: 

0.37) and Kribbella flavida (log2 fold change: 0.38) increased in relative abundance after CA 

(Figure 3.2A). In addition, the relative abundance of three fungal genera (out of 25; 12%) 

changed following CA, including a decrease in Penicillium (log2 fold change: ī1.8) and 

Phialemonium (log2 fold change: ī1.7) and a more substantial relative increase in 

Pseudogymnoascus (log2 fold change: 8.43) (Figure 3.2B). 

Although shifts in the rhizosphere community appeared modest, the BrayïCurtis 

dissimilarity analysis showed that the shotgun rhizosphere communities were significantly 

different under the two temperature regimes (p < 0.01, pairwise PERMANOVA) (Figure 3.3A). 

In contrast, there were no differences in BrayïCurtis dissimilarity for the amplicon analysis, 

either for 16S (Figure 3.3B) or ITS data (Figure 3.3C). Taking all the results together, it appears 

that overall, the CA regime resulted in only a very minor shift in the rhizosphere microbial 

community. We speculate that a longer period of low temperature with concomitant changes in 

root exudates would be required for a more dramatic change in the root-associated microbiota. 

3.5.4 Cold acclimation and the leaf microbiome 

Although shotgun sequencing of the leaf, representing the endosphere and phyllosphere 

microbiomes, identified 143 microbial species with the most abundant taxa shown (Figure 3.4A; 

Table S3.4), an average of 92 ± 4% of the reads remained unclassified, with a portion of these 

likely attributable to as yet unsequenced host mitochondrial sequences (Figure S3.4C). Bacteria 

accounted for ~100% of the microbiota except in a couple of samples from which a few fungal  
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Figure 3.2 Differentially abundant taxa between the non-acclimated and cold-

acclimated Brachypodium distachyon rhizosphere microbiomes as determined by ANCOM-BC 

and showing their average relative abundance in both conditions and log2 fold changes with error 

bars representing standard error. (A) Species identified by Kraken2 from shotgun sequencing data 

that are differentially abundant and above an average relative abundance threshold of 0.2%, and 

(B) ITS amplicon sequence variants that are differentially abundant. Only statistically significant 

changes are shown, as determined by ANCOM-BC. 
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Figure 3.3 Principal coordinate analysis comparing non-acclimated and cold-acclimated conditions 

in each sample type for each sequencing method, for the following samples: (A) shotgun 

sequencing in the rhizosphere, (B) 16S rRNA sequencing of the V4 region in the rhizosphere, (C) 

ITS sequencing of the rhizosphere samples, (D) shotgun sequencing of the leaf samples, (E) 16S 

rRNA sequencing of the V4 region in the leaf samples, and (F) ITS sequencing of the leaf samples. 

Pairwise PERMANOVAs were conducted between conditions with significance as noted. 
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sequences were recovered. Overall, alpha diversity was significantly lower (p < 5 × 10ī6, two 

tailed t-test) in leaf samples (3.18 ± 0.36) compared to rhizosphere samples (4.99 ± 0.21). 

Leaf alpha diversity did not significantly change after CA treatment (mean Shannon 

indices at 3.30 ± 0.29 in NA samples and 3.06 ± 0.47 in CA samples). However, the taxa profile 

changed with the cyanobacteria Microcystis aeruginosa, decreasing from ~27% to ~13% relative 

abundance after CA. Streptomyces sp. M2 showed the opposite profile, increasing from ~4% to 

~15% average relative abundance after transfer to 4 °C. NA leaves were dominated by the plant 

pathogens Pseudomonas syringae and óCandidatus Liberibacter africanusô, as well as the plant 

beneficial Rhodococcus qingshengii, whose levels substantially decreased in the CA conditions. 

Lower abundant reads (<1%) made up about a quarter of the taxa, similar to the CA samples. 

Amplicon sequencing of the 16S rRNA from the leaves identified 188 distinct ASVs at the genus 

level (with the most abundant shown in Figure 3.4B and Table S3.4). Again, alpha diversity was 

not significantly different between conditions (5.04 ± 0.25 and 4.60 ± 0.70 in the CA and NA 

samples, respectively). Taxa present under both conditions included the genera Solimonas, 

Rhodanobacter, and Streptomyces. Pseudomonas and Rhodococcus were abundant (21% and 

15% average relative abundance, respectively) in NA conditions, but decreased in relative 

abundance after transfer of the plants to 4 °C with log2 fold changes of ī4.18 and ī5.41, 

respectively. The cereal growth promoting genus Nocardioides and an unidentified genus from 

the same family, Nocardioidaceae, both increased in abundance to represent 11% of the taxa in 

CA plants. ASVs at low relative abundance (<1%) made up a similar 18% and 21% of CA and 

NA 16S samples, respectively. ITS analysis resulted in 20 distinct ASVs at the genus level 

(Figure 3.4C). 

After shotgun sequence analysis, 3.5% (5/143) of the taxa were identified as differentially 

abundant between the NA and CA conditions (Figure 3.5A). After transfer to 4 °C, reads 

attributed to P. syringae (log2 fold change: ī8.68) and R. qingshengii (log2 fold change:  
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Figure 3.4 Average relative abundance of the taxonomies of the non-acclimated and cold-

acclimated Brachypodium distachyon leaf microbiomes representing the endosphere and 

phyllosphere. (A) Species identified from shotgun sequencing and metagenomics classified using 

a custom Kraken2 database. (B) Distinct amplicon sequence variants assigned down to the genus 

or lowest possible level by QIIME2 using the SILVA database for 16S rRNA sequences, amplified 

using the V4 region of prokaryotes. (C) Distinct amplicon sequence variants assigned down to the 

genus or lowest possible level by QIIME2 using the UNITE database for ITS regions of eukaryotes. 
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ī8.33) decreased so that there was a change in the estimated average relative abundance of P. 

syringae and R. qingshengii from 8.2% and 5.0% to 0%, respectively. At the same time there was 

a corresponding increase in the relative abundance of Streptomyces sp. M2 (log2 fold change: 

2.81), A. sera (log2 fold change: 3.20), and A. thailandica (log2 fold change: 3.87). In 16S CA 

samples, nine other taxa increased, including the genus Solimonas, which increased in relative 

abundance but was below the low abundance threshold. In total, 5.9% (11/188) of the identified 

sequences above the threshold were found to be differentially abundant. For the ITS analysis, the 

genus Phialemonium represented 5% (1/20) of the ASVs and decreased in relative abundance 

(log2 fold change: ī10.6) (Figure 3.5C). 

Despite the apparent community differences, BrayïCurtis dissimilarity analysis 

suggested that the microbial communities identified with the shotgun sequencing approach were 

not significantly different, undoubtedly due to the low number of sequences (Figure 3.3D), 

similar to the leaf ITS communities. Supporting that conclusion, 16S rRNA communities were 

shown to be significantly different between conditions (p < 0.01, pairwise PERMANOVA) with 

the analysis supported by high ASV numbers (Figure 3.3E). 

3.5.5 Dissimilarity comparisons and core microbiome 

The root and leaf-associated microbiomes were further independently characterized with 

SIMPER to identify taxa that contributed the most dissimilarity between NA and CA regimes 

(Table 3.1). For microbiota isolated from the rhizosphere, the taxa contributing to the top ~25% 

of dissimilarity were Streptomyces sp. M2, A. sera, and A. thailandica for the shotgun data, the 

genera Actinocatenispora and Streptomyces for the 16S data, and the genera Phialemonium and 

Apiotrichum for the ITS data. For leaf samples, taxa contributing to the top ~25% dissimilarity 

were M. aeruginosa and Streptomyces sp. M2 for the shotgun data, the genera Pseudomonas and 

Rhodococcus for the 16S data, and the genera Aspergillus and Goidanichiella for the ITS data. 
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Figure 3.5 Differentially abundant taxa between the non-acclimated and cold-

acclimated Brachypodium distachyon leaf microbiomes representing the endosphere and 

phyllosphere as determined by ANCOM-BC and showing their average relative abundance in both 

conditions and log2 fold changes with error bars representing standard error: (A) species identified 

by Kraken2 from shotgun sequencing data that are differentially abundant and above an average 

relative abundance threshold of 1%, (B) distinct 16S rRNA amplicon sequence variants assigned 

by QIIME2 and the SILVA database to the genus level that are differentially abundant, and (C) 

distinct ITS amplicon sequence variants assigned by QIIME2 and the UNITE database to the genus 

level that are differentially abundant. Only statistically significant changes are shown as determined 

by ANCOM-BC. 
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Table 3.1 Similarity of percentage (SIMPER) analysis of microbiota contributing to the top 

~25% of dissimilarity (BrayïCurtis) between non-acclimated (NA) and cold-acclimated (CA) 

samples (showing average relative abundance in %) in both leaf tissue and rhizosphere performed 

in PAST (v4.08). 

Taxa NA (%)  CA (%)  
Average 

Dissimilarity  

Contribution 

(%) 

Cumulative 

(%) 

Shotgun Rhizo (Overall Average Dissimilarity 7.1%) 

Streptomyces sp. M2 32.5 32.8 0.9 12.8 12.8 

Actinocatenispora sera 5.7 7.3 0.8 11.2 24.0 

Actinocatenispora thailandica 3.6 4.9 0.6 9.1 33.1 

16S Rhizo (Overall Average Dissimilarity 10.7%) 

Actinocatenispora 8.1 11.4 1. 7 15.7 15.7 

Streptomyces 24.2 26.6 1.4 13.4 29.2 

ITS Rhizo (Overall Average Dissimilarity 19.0%) 

Phialemonium 21.3 13.4 4.0 21.1 21.1 

Apiotrichum 29.9 30.8 4.0 21.1 42.2 

Shotgun Leaf (Overall Average Dissimilarity 52. 6%) 

Microcystis aeruginosa 12.1 27.4 9.6 18.2 18.2 

Streptomyces sp. M2 4.4 15.1 5.4 10.2 28.4 

16S Leaf (Overall Average Dissimilarity 60.9%) 

Pseudomonas 19.7 1.0 9.4 15.4 15.4 

Rhodococcus 15.0 0.4 7.3 12.0 27.4 

ITS Leaf (Overall Average Dissimilarity 80.3%) 

Aspergillus 15.9 47.5 16.6 20.7 20.7 

Goidanichiella 25.1 0.0 12.6 15.7 36.4 
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Table 3.2 Core microbiota taxa (species or distinct ASVs as indicated) present in 100% of samples for each sequencing and analysis method of 

shotgun, 16S rRNA, and ITS sequencing methodologies with an average relative abundance >5%. 

Phyla Class Order Family Genus Species 

Core rhizosphere species (shotgun) 

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces Streptomyces sp. M2 

Actinobacteria Actinomycetia Micromonosporales Micromonosporaceae Actinocatenispora Actinocatenispora sera 

Core rhizosphere genera (16S) 

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces  

Actinobacteria Actinomycetia Micromonosporales Micromonosporaceae Actinocatenispora  

Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Rhodanobacter  

Core rhizosphere genera (ITS) 

Ascomycota      

Basidiomycota Tremellomycetes Trichosporonales Trichosporonaceae Apiotrichum  

Ascomycota Sordariomycetes Sordariales Cephalothecaceae Phialemonium  

Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Candida  
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Core leaf species (shotgun) 

Actinobacteria  Actinomycetia  Streptomycetales  Streptomycetaceae  Streptomyces Streptomyces sp. M2 

Proteobacteria  Alphaproteobacteria  Hyphomicrobiales  Rhizobiaceae  Liberibacter * óCandidatus L. a.ô 

Core leaf genera (16S) 

Actinobacteria Actinomycetia Streptomycetales Streptomycetaceae Streptomyces  

Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Rhodanobacter  

Proteobacteria Gammaproteobacteria Salinisphaerales Solimonadaceae Solimonas  

Core leaf genera (ITS) 

Unidentified Fungi     

*  óCandidatus Liberibacter africanusô. 

  



 

 

 

111 

Highly conserved taxa that are present in most samples, typically ~70%, can be 

considered part of the ñcoreò microbiome that orchestrates the interactions between the host and 

the microbiota (Kumar et al., 2017). As described in the methods, we employed strict criteria that 

the taxa must appear in all of the samples for each condition (Table 3.2). In the rhizosphere, the 

core microbiota identified in the shotgun analysis included Streptomyces sp. M2 and 

Actinocatenispora sera. Core taxa in the leaves included Streptomyces sp. M2 and óCandidatus 

Liberibacter africanusô, both of which persisted across the two different conditions and all 

samples. The larger number of taxa associated with the rhizosphere ASVs were consistent with 

the microbes identified by shotgun analysis and indicated bacterial (Streptomyces, 

Actinocatenispora, and Rhodanobacter) as well as fungal taxa (Ascomycota, Apiotrichum, 

Phialemonium, and Candida) as contributors to the core microbiome. Leaf ASVs revealed that 

bacteria (Streptomyces, Rhodanobacter, and Solimonas), as well as a single unidentified fungal 

sequence, comprised the core. 

3.6 Discussion 

The plant microbiome partnership is responsive to stress, with the details of the signalling 

between the kingdoms of Eubacteria, Fungi, and Planta only beginning to be investigated (Acu¶a

Rodríguez et al., 2020; Liu et al., 2020; Santos-Medellín et al., 2021; Song and Haney, 2021). 

Sub-zero temperatures are a particular challenge, resulting in cellular dehydration, membrane 

rupture, and increased vulnerability to psychrophilic pathogens and death, but some perennials 

respond to earlier non-freezing temperatures, and/or shortened day lengths to initiate a signalling 

response. This CA stress triggers changes in plant metabolism, resulting in cold hardening and 

survival during subsequent freeze events and is accompanied by significant changes in the leaf 

microbiome community profile, but with less substantial community shifts in the rhizosphere 

(Figures 3.1 and 3.3). 
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3.6.1 Little change in rhizosphere communities after cold acclimation 

The different sequencing methodologies employed, either amplicon or shotgun analyses, 

generally yielded compatible results. As indicated, there were few changes in the rhizosphere 

community after the shift to low temperatures, as shown by the overlapping PCoA groupings with 

rare exceptions, and for the most part these did not make up a large proportion of the taxa. The 

rhizosphere communities from both NA and CA plants contained taxa previously reported in 

bound soils associated with Brachypodium and similar to those found in wheat (Kawasaki et al., 

2016). Some species of the order Burkholderiales have been isolated from ryegrass rhizospheres 

and are associated with nutrient acquisition such that there is interest in their potential as 

beneficial probiotics for crop enhancement (Castanheira et al., 2015). Ascomycota is dominant in 

grassland soils, which can be low in organic matter and nutrients, playing key roles in 

cyanobacteria dominated soils as well as having important roles in cycling carbon and nitrogen in 

addition to nutrient transport (Challacombe et al., 2019). The fact that these taxa are shared in 

wheat and Brachypodium underscores the coevolution of the plantïhost relationship, since 

microbiota in the dicot, Arabidopsis, is distinct (Kawasaki et al., 2016). As noted, neither the 

Brachypodium bacterial nor fungal communities changed significantly after the plants were 

moved to 4 °C, suggesting that there was insufficient time for the soil to reach that temperature. 

Indeed, investigations of cold responsive rhizosphere microbiota in maize used 5 weeks exposure 

to ñchillingò conditions compared to our 6-day treatment (Beirinckx et al., 2020). In addition, it is 

notable that the myriad of CA-dictated changes made in the above-ground portion of 

Brachypodium are not apparently signalled to the rhizosphere during the treatment regimen. 

3.6.2 Shifts in leaf communities accompany cold acclimation 

Compared to the rhizosphere, which is relatively protected from rapid abiotic and biotic 

stresses, leaves are exposed to daily temperature fluctuations, visible and ultraviolet light, 

herbivore and mechanical damage, and arguably more pathogens. Within two days of the shift to 
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CA conditions, the Brachypodium leaf membrane is protected from freeze-induced electrolyte 

leakage, contains elevated levels of soluble sugars, and shows changes in the abundance profiles 

of hundreds of proteins (Juurakko et al., 2021b). The leaf community response was also rapid, as 

revealed by numerous abundance changes in the bacterial and fungal microbiota, as well as in the 

proportion of individual core taxa, as supported by the distinct groupings shown in PCoAs 

(Figures 3.3 and 3.5; Table 3.2). Similarly, cold-associated shifts occurred in leaves from 

European grasslands over winter while the rhizosphere was relatively unchanged (Bei et al., 

2021). As in the rhizosphere data, results from the two sequencing methods were generally 

consistent. However, a notable exception was for sequences corresponding to the toxic 

cyanobacteria Microcystis aeruginosa, which were abundant in NA and increased after CA, but 

only when using the shotgun methodology. It is possible that these sequences were misclassified 

as chloroplast DNA and were mistakenly filtered from the amplicon data. We speculate that the 

increase in relative abundance of cyanobacteria after CA is likely due to the reduction in 

evaporation on the leaf surfaces at low temperatures, consistent with their preference for aquatic 

habitats, and their known colonization of the phyllosphere (Lee et al., 2021). 

For other taxa, there was clear evidence of a change in relative abundance after CA that 

was generally consistent irrespective of the sequencing methodology. This included three 

prominent Actinobacteria species that increased in relative read numbers, including the grassland-

associated Actinocatenispora thailandica and Actinocatenispora sera, as well as the mycelium 

producing Streptomyces sp. M2, a known PGPB (Worsley et al., 2020). Although present in the 

rhizosphere samples under both conditions, Streptomyces sp. M2 increased ~4-fold in relative 

abundance following CA in leaves. Presumably, it promotes plant growth with its extensive 

repertoire of antibiotics, plant growth hormones, siderophores, and insecticides (Gupta and 

Pandey, 2019; Hutchings et al., 2019; Worsley et al., 2020). Strikingly, this Streptomyces strain 

can inhibit the plant pathogen P. syringae, perhaps due to siderophores that chelate iron required 
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by Pseudomonas (Worsley et al., 2020). Such inhibition could explain the disappearance of P. 

syringae after CA treatment, representing a log2 fold change of ī8.7.  

Other bacteria also showed inverse abundance profiles depending upon the condition, as 

described in the Results section. Fungal ascomycete taxa similarly exchanged their relative 

abundance, with a decrease in the genus Goidanichiella and an increase in the genus Aspergillus 

detected after CA. These changes may be related to the temperature regime since Goidanichiella 

was reported to dominate summer collected wheat leaves whereas cold tolerant Aspergillus are of 

interest as growth promoters likely due to their ability to solubilize phosphates (Rinu et al., 2013; 

Granzow et al., 2017). 

3.6.3 Leaf cold acclimation associated with low temperature and pathogen responses 

After transfer to 4 °C, the leaf microbiome was impacted by the temperature shift and 

also showed changes in the relative abundance of potential pathogens. These observations reflect 

the results of network analysis of hundreds of plasma membrane proteome changes after CA that 

showed crosstalk between pathways for low temperature stress and disease and defence (Juurakko 

et al., 2021b). Brachypodium responds to CA by diverting resources away from growth and to the 

stress response. It appears then that the hostïmicrobiome works together in a joint effort to 

prepare for the worsening conditions associated with winter. 

One of the most obvious examples of the connection between low temperature and 

disease is found in the ice nucleation active plant pathogen P. syringae, which can facilitate the 

formation of ice at temperatures just below 0 °C, presumably to lyse plant cells and thus access 

nutrients (Pearce, 2001). In NA leaves, P. syringae was a large contributor to the bacterial taxa 

(8% of the shotgun reads). However, as the temperature drops, such a large proportion of P. 

syringae in the leaf microbiota would surely present a grave risk to the host plant. Remarkably, 

after CA there was no evidence of this bacteria. This disappearance is undoubtedly fostered by 

Brachypodiumôs defence pathways that lead to the production of multiple proteins, including 
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antifreeze proteins, that target the ice nucleator, but we propose that the microbiome also supports 

this protective strategy.  

Coincident with the collapse of the P. syringae population, there was a ~4-fold increase 

in the relative abundance of Streptomyces sp. M2 (4% to 15%). It is important to note that this 

increase after CA cannot be explained by sensitivity to the NA growth conditions since it is 

routinely cultured at 30 °C (Daffonchio et al., 1999). Thus, the change in its abundance is 

independent of the temperature shift and may be fostered by Brachypodium. As mentioned, this 

PGPB secretes antibiotics and siderophores and is known to inhibit P. syringae (Worsley et al., 

2020). Rhodococcus also decreased 40-fold in relative abundance, but to date there is no 

information on its interaction with Streptomyces or other plant beneficials. Nevertheless, as well 

as directly targeting P. syringae, it is likely that Streptomyces alerts plant defences against other 

phytopathogens since the inoculation of Streptomyces spp. induces the expression of defense 

related genesðat least, so it was found to do in a pea crop (Singh and Gaur, 2017). This ability 

could also explain why Streptomyces spp. are not limited to inhibition of bacterial species but also 

inhibit fungal phytopathogens in planta (Taechowisan et al., 2003; Human et al., 2016). 

Therefore, in addition to combating the cold-associated pathogen P. syringae, 

Streptomyces sp. M2 likely contributes to the overall cold tolerance of Brachypodium and thus 

would be central to the cold-acclimated microbiome. Streptomyces spp. have a variety of 

adaptations for cold resistance, including the production of cold shock proteins and small solutes 

for cryoprotection (Beales, 2004; Kim et al., 2007; Manullang and Chuang, 2020). These 

products may assist host survival, since a strain of Streptomyces was shown to alleviate the 

effects of cold stress in turfgrass (Jeon et al., 2021) and drought stress in maize (Warrad et al., 

2020). In addition, BioCyc genome-wide predictions indicate that Streptomyces sp. M2 produces 

key oxidative stress enzymes that can be secreted in Streptomyces spp. (Zou and Schrempf, 2000; 

Folcher et al., 2001; Akanuma et al., 2009). In addition, Streptomyces sp. M2 synthesizes 
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cryoprotective soluble sugars that coincidentally increase rapidly in CA Brachypodium (Killham 

and Firestone, 1984; Juurakko et al., 2021b). The synthesis of the osmoprotectant proline may 

also benefit host plants, as inoculation of sugarcane with Streptomyces increased proline content 

and drought tolerance (Wang et al., 2019). Streptomyces spp. are also reported to increase 

drought tolerance in maize and aid in the accumulation of soluble sugars (Warrad et al., 2020). 

Another bacterial taxon, the genus Solimonas, increased 3.3-fold after CA, and although 

these species have a wide temperature optimum, they are characterized by polar lipids and fatty 

acids, which are known to contribute to cold tolerance (Zhou et al., 2014). In parallel findings, 

Brachypodium shows changes in metabolic pathways leading to restructuring of the plasma 

membrane after CA, a common vulnerability for both microbes and their hosts (Panoff et al., 

1998; Stokes et al., 2016; Juurakko et al., 2021b). Already mentioned was the cold tolerance of 

the plant beneficial fungus Aspergillus. More insight could be revealed by an investigation of the 

functional microbiomes of CA Brachypodium. However, due to low reads and sequencing depths, 

our results can only be considered preliminary (Figures S3.7ïS3.9 and Supplementary File S2; 

see publication). Nevertheless, in parallel with the CA Brachypodium plasma membrane 

proteome (Juurakko et al., 2021b), microbial proteins involved in pathways that intersect with 

low temperature tolerance, such as the synthesis of soluble cryoprotectants, oxidative stress, and 

pathogen resistance, were detected in the microbiome in response to cold stress. Again, this 

underscored the interdependent and symbiotic character of the CA response. 

3.6.4 Prospects and conclusions 

Taken together, both the changes in microbial community profiles following CA and the 

functional role of these plant beneficials suggest that commercial growers could see some benefit 

from the inoculation of mixed community strains, including Streptomyces sp. M2, for protection 

against P. syringae and other phytopathogens, while at the same time benefiting from other plant 

growth-promoting characteristics as well as enhancing cold resilience. With the presentation of 
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this first CA Brachypodium microbiome, it is hoped that the insights gained will inspire treatment 

options to enhance cold tolerance and other intersecting stresses tailored toward specific 

agriculturally important grain crops (Tirykai et al., 2019; Acu¶a Rodr²guez et al., 2020; Howard 

et al., 2020; Juurakko et al., 2021a). 

This special issue of Plants asks, ñWhat makes the life of stressed plants a little easier?ò 

The answer for Brachypodium undergoing acclimation to low temperature in preparation for the 

coming winter is very clear. It is the strong partnership with a shifting above-ground bacterial and 

fungal community that works in concert with plant networks that intersect cold-, drought-, and 

antipathogen-signalling pathways to ensure that within only a few days host plants survive freeze 

events. Not only does it make the life of plants a ñlittle easierò, we also argue that it may very 

well be essential for survival. Therefore, we propose that the battle against winter condition 

stresses is won by important interkingdom partnerships. 
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Chapter 4 

Cold-inducible promoter-driven knockdown of Brachypodium antifreeze 

proteins confers freeze sensitivity 

4.1 Abstract 

The model forage crop, Brachypodium distachyon, has a family of ice recrystallization 

inhibition (BdIRI) genes, which encode antifreeze proteins that function by adsorbing to ice 

crystals and inhibiting their growth. The genes were previously targeted for knockdown using a 

constitutive CaMV 35S promoter and the resulting transgenic Brachypodium showed reduced 

antifreeze activity and a greater susceptibility to freezing. However, the transgenic plants also 

showed developmental defects with shortened stem lengths and were almost completely sterile, 

raising the possibility that their reduced freeze tolerance could be attributed to developmental 

deficits. A cold-induced promoter from rice (prOsMYB1R35) has now been substituted for the 

constitutive promoter to generate temporal miRNA-mediated Brachypodium antifreeze protein 

knockdowns. Although transgenic lines showed no apparent pleiotropic developmental defects, 

they demonstrated reduced antifreeze activity as assessed by assays for ice-recrystallization 

inhibition, thermal hysteresis, electrolyte leakage, leaf infrared thermography, and leaf damage 

after infection with an ice nucleating phytopathogen. Strikingly, the number of cold-acclimated 

transgenic plants that survived freezing at -8 °C was reduced by half or killed entirely, depending 

on the line, compared to cold-acclimated wild type plants. Although these proteins have been 

studied for almost 60 years, this is the first unequivocal demonstration in any organism of the 

utility of antifreeze protein function and their contribution to freeze protection, independent of 

obvious developmental defects. These proteins are thus of potential interest in a wide range of 

biotechnological applications from accessible cryopreservation, to frozen product additives, to the 

engineering of transgenic crops with enhanced freezing tolerance. 
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4.2 Graphical abstract 

  



 

 

 

120 

4.3 Introduction  

Increased freezing events and altered freeze-thaw cycles in response to climate change 

present major challenges to agriculture with single frosts costing billions of dollars (Witney and 

Arpaia, 1991; Sinha and Cherkauer, 2010; Smith and Katz, 2013; Kreyling, 2019; NOAA, 2021; 

Smith et al., 2021). In the field, the formation of ice at high sub-zero temperatures is initiated by 

ice nucleation active (INA+) bacteria and is a major driver of crop destruction (Snyder and Melo-

Abreu, 2005). Since they cannot escape low temperatures, many temperate climate plants have 

adopted a freeze-tolerant strategy with some producing antifreeze proteins (AFPs) to help prevent 

freeze damage (Bredow and Walker, 2017; Juurakko et al., 2021a). In contrast, other organisms 

such as polar fish and temperate arthropods, which can escape low temperatures and find 

hibernacula, frequently adopt a freeze-avoidance strategy that can also employ AFPs, in this case 

to lower the freezing point relative to the melting point, also known as the thermal hysteresis 

(TH) gap (Duman, 2001; Bar Dolev et al., 2016; Kim et al., 2017). Despite the discovery of these 

proteins, first recognized almost 5 decades ago in Tenebrio beetles (Ramsay, 1964), until 

recently, there has been no formal evidence of their contribution to low temperature survival in 

any organism. This changed with the engineering of transgenic grass lines with knocked down 

expression of AFPs, resulting in greater freeze susceptibility (Bredow et al., 2016). However, 

important as these results were, it was worrying that the knockdowns were associated with other 

phenotypes including stunted growth and almost complete sterility, suggesting to naysayers that 

the greater freeze susceptibility could be due to unhealthy plants rather than the low AFP activity. 

To test that possibility, and to verify that AFPs do indeed make a crucial contribution to freeze 

survival, it was important that new transgenic lines be made that were unencumbered with 

detrimental phenotypes.  

AFPs are also known as ice-binding proteins or ice-recrystallization inhibition (IRI) 

proteins. The plant freeze-tolerant overwintering strategy may be associated with AFPs that are 
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characterised by low TH activity but a high IRI activity, which keeps ice crystals small even 

when the temperature fluctuates near 0 °C. This is important since ice forms in the apoplast, 

frequently due to INA+ bacteria, such as Pseudomonas syringae, gaining entry through stomatal 

openings, hydathodes, or wounding sites, which themselves may result from surface tissue ice 

formation (Lindow et al., 1982; Ashworth and Kieft, 1995; Wisniewski and Fuller, 1999; Pearce 

and Fuller, 2001). Some plant AFPs can even attenuate the INA+ activity of P. syringae, possibly 

by binding to the bacterial ice nucleating proteins (INPs) and resulting in a modest lowering of 

the freeze temperature (Tomalty and Walker, 2014; Bredow et al., 2018). The apoplast has a 

lower solute concentration and thus freezes before other tissues. Thus, in order to combat 

catastrophic freezing, AFPs are produced and secreted to the apoplast (Griffith et al., 1992; 

Marentes et al., 1993; Hon et al., 1994; Hon et al., 1995; Antikainen et al., 1997; Bredow et al., 

2016). The property of AFPs to irreversibly adsorb to ice crystals is key to membrane protection 

and explains why these proteins can be employed in both freeze-tolerant and freeze-avoidant 

strategies. In the absence of other ice management mechanisms, uncontrolled ice growth in the 

apoplast can lead to cellular death by dehydration through exclusion of solutes or the piercing of 

membranes, thus presenting the primary battleground between AFPs and ice (Lindow et al., 1982; 

Melo-Abreu et al., 2016). 

Brachypodium distachyon (hereinafter Brachypodium) contains 7 genes encoding AFPs 

(BdIRI1-7). Their translation products are hydrolysed, likely in the apoplast, to generate two 

independent proteins, a leucine-rich repeat (LRR) protein that has not been characterised, and an 

AFP (Bredow et al., 2016). The BdIRI gene sequences are sufficiently similar so that a single 

miRNA could be designed to attenuate the translation of all 7 corresponding mRNAs with no 

obvious off-target binding (Bredow et al., 2016). As noted, previously generated transgenic 

Brachypodium lines bearing the miRNA sequence, driven by the constitutive CaMV 35S 

promoter, were more susceptible to freeze damage than non-transgenic controls. Thus, although 
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these experiments clearly connected AFPs with freeze protection, the lines also showed 

developmental deficits. We hypothesised that these secondary phenotypes were due to the 

constitutive promoter selected for those experiments, and that a cold-induced promoter, perhaps 

more similar to the native BdIRI promoters, would circumvent this problem and allow a fuller 

characterisation of newly-generated AFP knockdown lines. This has now been achieved and here 

we report an exploration of BdIRI regulation as well as showing that the experimental temporal 

attenuation of AFP expression is inextricably linked to greater freeze susceptibility. 

4.4 Methods 

4.4.1 Bioinformatic analysis 

BdIRI gene and protein sequences were retrieved from NCBI using up-to-date accessions 

(December 2020) using a BLAST search with the published proteins as queries (Bredow et al., 

2016). The lack of data for the identification of suitable low temperature inducible promoters in 

Brachypodium prompted the selection of the 1961 bp promoter associated with the rice, Oryza 

sativa, gene OsMYB1R35, which is induced in its host plant after cold stress (Li et al., 2017). The 

sequence was retrieved from the publicly available O. sativa genome on NCBI (accessed October 

2017) based on the primer sequences described elsewhere (Li et al., 2017). The 1961 bp fragment 

was synthesized by GeneART (Thermo Fisher Scientific, Waltham, MA) with appropriate 

flanking restriction enzyme recognition sites. Conceptually translated BdIRI sequences were 

aligned and phylogenies prepared using the Clustal Omega Multiple Sequence Alignment tool 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). Inter-domain hydrolytic 

cleavage sites in the amino acid sequence corresponding to the BdIRIs were predicted using the 

ExPASy PeptideCutter tool (https://web.expasy.org/peptide_cutter/; Gasteiger et al. 2005). 

Chromosomal positioning of the BdIRI genes was determined using NCBIôs genome browser. 

InterProScan (v83.0; https://www.ebi.ac.uk/interpro/) was used for the in silico prediction of the 

LRR and AFP domains in the BdIRI translated sequences (Blum et al., 2021). The Phyre2 Protein 
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Fold Recognition Server (http://www.sbg.bio.ic.ac.uk/~phyre2/) was used for sequence-based 

homologous protein structure prediction of the corresponding BdIRI domains (Kelley et al., 

2015). The SignalP 5.0 Server (http://www.cbs.dtu.dk/services/SignalP/) was used to forecast 

putative amino-terminal secretory signal peptide sequences (Armenteros et al., 2019). The 

DeepLoc 1.0 eukaryotic protein subcellular localization predictor 

(http://www.cbs.dtu.dk/services/DeepLoc-1.0/) was used to confirm the subcellular localization 

of proteins secreted to the apoplast (Armenteros et al., 2017). 

4.4.2 Prediction of miRNA targets and analysis of regulatory elements 

Identification of post-transcriptional regulation via endogenous miRNAs was performed 

on the BdIRI mRNA sequences using the psRNATarget miRNA prediction tool 

(http://plantgrn.noble.org/psRNATarget/) (Dai et al., 2018). The tool was used with data from 

miRBase (Release 21, June 2014) (Griffiths-Jones, 2004; Griffiths-Jones et al., 2006; Griffiths-

Jones et al., 2007; Kozomara and Griffiths-Jones, 2010; Kozomara and Griffiths-Jones, 2014; 

Kozomara et al., 2019). 

Upstream sequences to the translational start codons of selected genes were retrieved 

from NCBI (B. distachyon genome assembly v3 2020) in addition to the promoter sequence of 

prOsMYB1R35 from O. sativa rice (Li et al., 2017). Sequences were submitted to PlantCARE 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002) for cis-

regulatory element prediction and analysis. Raw output files were converted to text and input into 

excel where they were compiled for a comparative analysis of cis-regulatory elements among the 

putative promoter sequences used. Cis-regulatory elements specifically related to cold signalling 

and cold stress were manually annotated for putative promoter sequences of all BdIRIs and 

OsMYB1R35, designated as prBdIRIs1-7 and prOsMYB1R35, respectively. 
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4.4.3 Plasmid construction and Brachypodium transformation 

The GeneART pUC plasmid containing the prOsMYB1R35 promoter sequence was 

transformed into Escherichia coli DH5Ŭ cells (Thermo Fisher Scientific). The promoter was 

liberated from purified plasmid using BamHI and BglII restriction enzyme digests for the 5' and 3' 

end, respectively. It was then ligated into the plant expression plasmid pCambia1380 (Marker 

Gene Technologies Inc., Eugene, OR, USA) and transformed into E. coli DH5Ŭ. A plasmid 

bearing a sequence corresponding to the miRNA (5ô-TAGGTTGAGCGACTCCCACTG-3ô) 

(Bredow et al., 2016) with a 5' BglII site, was amplified by polymerase chain reaction (PCR) and 

a 3' SpeI restriction site was added with the use of appropriate primers. Similarly, the sequence 

encoding enhanced green fluorescent protein (eGFP; GenBank Accession no. U57607) was PCR-

amplified and 5' BglII and 3' SpeI restriction sites were added. The pCambia1380 with the 

prOsMYB1R35 insert was then digested using BglII and SpeI enzymes and the purified amplified 

products, miRNA and eGFP, were ligated separately to create the plasmids 

pCambia1380:prOsMYB1R35:miRNA and pCambia1380:prOsMYB1R35:eGFP, respectively. 

These plasmids were independently transformed into E. coli DH5Ŭ and the veracity of their 

sequence subsequently confirmed by Sanger sequencing (CHU de Québec-Université Laval, 

Quebec City, QC, CA). DNA from the verified plasmids was isolated, purified and transformed 

into Agrobacterium tumefaciens (AGL1, Invitrogen, Carlsbad, CA, USA) (hereinafter, 

Agrobacterium). Again, the authenticity of the target sequences was checked by Sanger 

sequencing. AGL1 cells containing the confirmed plasmids were then used for transformation 

into Brachypodium. 

Transgenic Brachypodium lines were generated using a modified method from Fursova et 

al. (2012) as follows. Transformed Agrobacterium cultures (50 mL), were grown in Lysogeny 

Broth (LB) containing 50 mg L-1 kanamycin to an OD600 of 1, pelleted at 5000 × g for 10 min, 

and washed in equal volumes of 2-(N-morpholino)ethanesulfonic acid (MES) infiltration buffer 

(10 mM MES, 10 mM MgCl2, pH 5.6). Pellets were resuspended in 50 mL of infiltration buffer 
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containing 50 ɛM acetosyringone, 0.01% Silwet-L77 organosilicone surfactant, and leaf extracts 

containing phenolic metabolites to initiate efficient Ti plasmid transfer made from Australian 

tobacco, Nicotiana benthamiana leaves, rather than Nicotiana tabacum (Fursova et al., 2012). To 

prepare the tobacco extracts, up to 50 g of leaf tissue was harvested from six-week-old plants, cut 

into 1-3 cm2 squares, and incubated in 300 mL of infiltration buffer for 2 h. The liquid was 

removed by pressing a sterile beaker of slightly smaller diameter into the slurry and subsequently 

filter-sterilising the recovered liquid through 0.22-micron syringe filters (Thermo Fisher 

Scientific). Acetosyringone and surfactant were added following filter sterilisation and used to 

resuspend the washed Agrobacterium pellet. In parallel, mature wild type seeds (50 per trial) were 

harvested, surface-sterilised as described, and aseptically trimmed using a sterile scalpel to 

remove the upper quarter of the seed where the awn had been attached. The lower portion of the 

sterilised and trimmed seeds, with exposed embryos, were immediately added to the now-primed 

Agrobacterium culture and co-cultivated for 30 h at 21 °C with shaking at 200 rpm, in the dark. 

Following co-cultivation, seeds were washed in infiltration buffer alone and plated on 

Linsmaier and Skoog (LS) agar (Phytotech Labs, Lenexa, KS, USA) containing 225 mg L-1 

timentin, a wide-spectrum antibacterial, in order to kill residual Agrobacterium. The plates were 

sealed with micropore tape and put at Brachypodium standard growth conditions (see below). 

One week following successful germination, surviving T0 generation seedlings were sown to soil 

and grown. Hygromycin selection media was not used, since initial experiments suggested that 

this treatment was often detrimental to the seedlings. DNA was subsequently extracted from T0 

plants using Monarch DNA extraction kits (New England Biolabs, Ipswich, MA, USA) and 

sequence confirmed using Sanger sequencing with primers for our inserts (CHU de Québec-

Université Laval, Quebec City, QC, Canada). Once T0 plants were brought to senescence, seeds 

were counted and harvested. Seeds from these plants (10 per line) were sterilised and germinated 

on LS agar with hygromycin. Selected, germinated seeds were sown in soil and brought to 
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senescence representing the T1 generation. After collection, seeds (24 per line) were sterilised and 

germinated on LS agar without antibiotics. These T2 generation plants were used for rapid 

genotyping (see below) to determine homozygosity for the T3 generation without the need for 

selection. 

4.4.4 Genotyping Brachypodium transgenic lines 

Genotyping was done using a modified method from Ben-Amar et al. (2017). Briefly, 

seeds (24 per line) were sterilised, germinated, and sown in soil. Leaf tips (~ 2 mm long) were cut 

at two weeks and placed in individual wells of 96 well PCR plates, each holding 50 µL of TE 

buffer at pH 8.0. The leaf tissue was gently ground using sterile fine-tip forceps, which were 

washed in 70% ethanol between samples. Once all samples were homogenised, plates were 

incubated at 60 °C for 10 min and then gently vortexed. Extracted samples (2 µL) from each line 

were combined into a 1.5 mL tube and gently vortexed, and from this pool containing extracts 

from each plant, 1 µL was used as the DNA template for a PCR screen of the insert. Lines 

contributing to the pooled extracts showing an amplified DNA band of an appropriate size after 

gel electrophoresis were then selected for individual sample screening. For this, 1 µL of sample 

extracts from individual plants were used as PCR templates, with lines showing a positive insert 

band for every individual considered to be homozygous. The reference gene, S-

adenosylmethionine decarboxylase (SAMDC) was used as a PCR control. 

4.4.5 Western blot analysis 

Western blot analysis was conducted on leaf samples from three-week-old wild type 

(Bd21) plants or transgenic plants maintained under standard conditions (non-acclimated; NA) or 

transferred to 4 °C for 48 h (cold-acclimated; CA, see details below). These plants were obtained 

by using seeds from wild type or transgenic prOsMYB1R35:eGFP plants. Subsequent to surface 

sterilisation, the seeds were germinated on selection media with 50 mg mL-1 hygromycin B 

(BioShop Canada Inc., Burlington, ON, Canada). After sowing on potting soil, they were grown 
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for three weeks before harvest of 200 mg of leaf tissue from each plant. After freezing with liquid 

nitrogen and grinding to a fine powder using a sterile micro pestle, the samples were resuspended 

in extraction buffer (5 mM DTT, 1% Sigma P9599 protease inhibitor, 0.1% Igepal, 2 mM NaF, 

1.5 mM activated Na3VO4, 0.5 M Tris-HCl pH 7.5, 10% glycerol, 0.15 M NaCl) and shaken at 

150 rpm at 4 °C for 4 h. Following centrifugation (13,000 x g at 4 °C for 30 min), the protein 

concentration in the supernatants was estimated (Bradford reagent, Thermo Fisher Scientific) and 

then diluted so that samples were equivalent. Subsequently, 100 µL of the samples were 

denatured by the addition of 50 µL of Laemmli Sample Buffer (45% glycerol, 10% SDS, 0.5 M 

Tris pH 6.8, 0.045% w/v bromophenol blue, 0.006% 1 M DTT) and boiled for 5 min. Samples 

were run on an acrylamide gel before transfering to a nitrocellulose membrane using a semi-dry 

transfer apparatus (Bio-Rad Laboratories, Hercules, CA, USA) following the manufacturer's 

recommended protocols. The membrane was blocked for 1 h using a 5% (w/v) skim milk powder 

in Tris-buffered saline with 0.1% Tween® 20 detergent (TBST) while shaking at room 

temperature. 

GFP was detected on the membranes using anti-GFP mouse-IgG monoclonal (clones 7.1 

and 13.1) antibody (Roche, Basel, Switzerland) in a 1/500 dilution in 5% (w/v) skim milk powder 

TBST solution with gentle shaking overnight at 4 °C in the dark. The secondary antibody, anti-

mouse IgG peroxidase-conjugated (Sigma-Aldrich, St. Louis, MO, USA) was used in a 1/4000 

dilution in the same skim milk-TBST solution with gentle shaking at room temperature for 1 h. 

Coomassie brilliant blue stained ribulose-1,5-bisphosphate carboxylase-oxygenase (better known 

as RuBisCO) large chain (RbcL) was used as a 55 kDa loading control. Blots were washed with 

TBST buffer three times for 10 min each time and inserted between acetate transparency sheets 

and imaged on a ChemiDoc Touch Imaging System (Bio-Rad Laboratories) using Immobilon 

western chemiluminescent HRP substrate (MilliporeSigma, Boston, MA, USA). Western blot 
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analysis was done using Image Lab Software (Bio-Rad Laboratories). Purified recombinant eGFP 

was used as a positive control and western blots were repeated in triplicate. 

4.4.6 Plant material and growth conditions 

Brachypodium seeds of an inbred line, ecotype Bd21 (RIKEN, Tokyo, Japan), were 

prepared by soaking in sterile water for 1 h followed by careful removal of the lamella, awn, and 

any remaining appendages still attached to the harvested floret. Seeds were washed in a 40% 

bleach, 0.04% w/v Silwet-L77 solution for 4 min followed by a 2 min wash in 70% ethanol and 4 

washes in sterile water and finally dried with filter paper soaked in 100% ethanol. Seeds were 

transferred to LS agar plates using sterilised forceps and the plates were subsequently sealed 

using sterile micropore tape. All seed work was done in a UV sterilised laminar flow hood. Plates 

were subsequently wrapped in aluminium foil and placed at 4 °C to synchronise germination for 

four days. 

After this time, plates were moved to a climate-controlled growth chamber (Conviron 

CMP4030, Controlled Environments Limited, Winnipeg, MB, Canada) at standard Brachypodium 

growth conditions of 70% relative humidity and 24 h cycles of 20 h light (~150 ɛmol mī2sī1) at 

24 °C followed by 4 h with no light at 18 °C. After one week, seeds were transplanted to pots 

filled with moist potting soil and then fertilised bi-weekly using 10-30-20 Plant-Prod MJ Bloom 

(Master Plant-Prod, Brampton, ON, Canada). Prior to assaying, CA plants were moved to a 

separate chamber (Econair GC-20, Ecological Chambers Inc., Winnipeg, MB, Canada) 

maintained at 4 ÁC where they were subjected to a shortened day cycle of 6 h of light (~150 ɛmol 

mī2sī1) and 20 h of darkness for 48 h. NA plants remained at standard conditions. 

4.4.7 Crude lysate and apoplast extract preparations 

AFP activity was assayed in extracts prepared as described previously (Bredow et al., 

2016). After CA, 50 mg of leaf tissue was taken from the three-week-old plants and ground to a 

fine powder using a sterile pestle after being flash frozen with liquid nitrogen. After suspension in 
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400 µL of NPE buffer (25 mM Tris, 10 mM NaCl, pH 7.5, EDTA-free protease inhibitor tablets), 

the slurry was shaken for 4 h at 4 °C in the dark on a GyroMini nutating mixer (Labnet 

International, Edison, NJ, USA). Samples were centrifuged at 13,000 × g for 5 min and placed at 

4 °C for 5 min and then the centrifugation and the incubation were repeated. The supernatant was 

transferred to 1.5 mL tubes and centrifuged again (13,000 × g for 5 min) before returning to 4 °C. 

Protein concentration was estimated using a Nanodrop One (Thermo Fisher Scientific; using a 

mass extinction coefficient (ὑ1%) of 10 at 280 nm for 10 mg mL-1 with a baseline correction at 370 

nm, as recommended by the manufacturer). Readings were performed in triplicate for each 

sample, with samples routinely diluted to 1 mg mL-1 unless stated otherwise. 

 Apoplast extracts were prepared as previously described (Pogorelko et al., 2011) with 

minor modifications. Briefly, 0.5 g of leaf tissue of three-week-old NA and CA wild type and 

knockdown lines were collected. Leaf tissue was sliced with a sterile scalpel into 1 cm segments 

and placed vertically into a 10 mL syringe with the tip sealed with parafilm. Chilled, 4 °C 

extraction buffer (5 mL of 25 mM TrisïHCl, 50 mM EDTA, 150 mM MgCl2, pH 7.4) was added 

and the syringe was placed under vacuum for 1 min, four separate times, until bubbles ceased and 

leaves were fully infiltrated and darker in appearance. Excess buffer was drained, and leaf tissue 

was transferred to a 3 mL syringe. The syringe, without the plunger, was then placed into a 15 

mL conical tube and centrifuged at 1000 x g for 10 min at 4 °C. Apoplast fluid was collected at 

the bottom of the conical tube and transferred to a fresh 1.5 mL microcentrifuge tube. Protein 

concentration was estimated using a Synergy H1 microplate reader (BioTek Instruments, Inc., 

Winooski, VT, USA) with a Take3 Micro-Volume Plate (BioTek Instruments) at A280, as 

described for the lysates. Samples were normalised and diluted as described prior to assaying. All 

work was carried out at 4 °C. 
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4.4.8 AFP assays 

To assess IRI activity, a modified ñsplatò assay was performed as previously described 

(Bredow et al., 2017). Briefly, samples (10 µL) were pipetted 1 m above a glass cover slip, 

equilibrated on an aluminium block that had been chilled with dry ice for 1 h, to ensure the 

formation of a thin layer of small ice crystals prior to transfer into a hexane-containing bath for 

annealing maintained at -6 °C. Images were captured through cross-polarising films at 10x 

magnification, immediately after transfer to the bath and again after annealing for 18 h. Lysates 

and apoplast extracts were subjected to a standardised dilution series and assays were done a 

minimum of three times for all samples. 

Samples for TH assays were prepared as described (Bredow et al., 2020), but with 200 

mg of leaf tissue and 800 µL of buffer. Amicon Ultra-0.5 micro-concentrators (Millipore) were 

used to concentrate supernatants 4-fold after centrifugation (13,000 x g for 10 min). TH was 

determined on a nanoliter osmometer as described (Middleton et al., 2014). Ice crystal 

morphology was recorded during the TH assays with images captured using a microscope video 

camera at 50x magnification and in triplicate. 

4.4.9 Electrolyte leakage, infrared thermography, whole plant freezing assays and infections 

Electrolyte leakage assays were conducted as described (Bredow et al., 2016). Briefly, 

leaf tips (~ 4 cm long) were excised from three-week-old plants and placed individually into 

sterilised glass test tubes containing 100 µL of deionized water with the wounded end up and the 

tip submerged in the water. Sterilised foam plugs were used to ensure that the leaf tips remained 

submerged. One set of control tubes contained leaf tips from individual, numbered plants and 

were kept at 4 °C in the dark. The second companion set of tubes with leaves were placed in a 

programmable circulating ethylene glycol temperature-controlled bath set at 0 °C. The 

temperature was ramped down from 0 °C to -1 °C over 30 min and then a single ice chip was 

added to initiate ice crystal growth, with the temperature then lowered 1 °C every 15 min until the 
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final freezing temperature of -10 °C was reached. The tubes were then placed at 4 °C in the dark 

with the control tubes and left overnight. After transfer of the tube contents to 50 mL centrifuge 

tubes containing 25 mL of deionized water, they were shaken horizontally on a G2 Gyrotory 

Shaker (New Brunswick Scientific, Edison, NJ, USA) at 150 rpm for 18 h in the dark at room 

temperature. Initial conductivity (Ci) was measured using an Oakton CON 510 conductivity metre 

(OAKTON Instruments, Vernon Hills, IL, USA) prior to autoclaving the samples for 45 min. 

Samples were cooled to room temperature overnight and final conductivity (Cf) was then 

measured. The percentage of electrolyte leakage was calculated using (100 × Ci / Cf). The assay 

was performed in triplicate using leaves from 10 individual plants per line and condition. 

 To visualise ice propagation in leaves and the influence of AFPs, infrared thermography 

was used, which detects emitted infrared energy provided that the objects have sufficiently high 

levels of emissivity over background. In plants, emissivity ratings are typically in the range of 

0.98 (López et al., 2012; Chen, 2015). To enhance the contrast, household aluminium foil was 

used as a background because of its low emissivity of 0.05 (Qin et al., 2017). The FLiR One Pro 

ï iOS (FLIR Systems, Wilsonville, OR, USA) with Vernier Thermal Analysis Plus application 

(Apple App Store) (Vernier Software and Technology, Beaverton, OR, USA) was used to capture 

thermography data. Brachypodium leaves of equal length (~2.5 cm) were freshly excised from 

CA three-week-old plants and placed on a stage lined with aluminium foil touching the surface of 

a circulating ethylene glycol bath set at 1 °C. Leaf tissue was annealed for 30 min before distilled 

water (10 µL) was pipetted onto the wounded end of the leaf and subsequently sterile ice chips of 

equal size were added to each sample to initiate nucleation. The temperature was then lowered to 

-10 °C at 0.01 °C sec-1. Temperature measurement points were set with the software for each leaf 

~1 cm from the wound and recorded as freezing progressed. Data was analysed using Logger Pro 

(v3.14) (Vernier Software and Technology). The assays were performed in triplicate. 
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Assessment for whole plant freeze survival was modified from previous methods 

(Colton-Gagnon et al., 2014; Bredow et al., 2016; Mayer et al., 2020). Brachypodium seeds were 

sterilised and sown with 10 seeds per line and condition, and evenly spaced apart in 4ò x 6ò x 3ò 

pots, as described in plant growth conditions. Seeds were then stratified in darkness at 4 °C for 4 

days to synchronise germination. Seedlings were grown for two weeks at standard, previously 

described conditions. The pots were then transferred to another climate-controlled chamber 

(Econair GC-20; Ecological Chambers Inc.) where plants were exposed to -1 °C for 12 h before 

the lights were turned off and temperature was ramped down at a rate of 1 °C per hour until -8 °C, 

and after which the temperature was returned to 4 ÁC and the lighting resumed (~150 ɛmol 

mī2sī1) for 24 h. After recovery, plants were returned to standard conditions for 2 weeks, survival 

was recorded, and images were captured. Survival assays were repeated in triplicate. 

Infections at high subzero temperatures were assayed using liquid cultures of P. syringae 

pv. syringae B728A, a pathovar with ice nucleation activity (Feil et al., 2005). The bacteria were 

cultured while shaking at 28 °C to OD600 = 0.6-1.0. They were then placed at 4 °C for two days 

while shaking to increase INP production and resuspended in 10 mM MgCl2 and diluted to an 

OD600 of 0.2, corresponding to an approximate concentration of 1×108 colony forming units 

(CFU) mL-1. Simultaneously, three-week-old plants were CA at 4 °C for two days. Extra care was 

taken to ensure plants and cultures remained separated. Leaves of equal size and length were 

aseptically removed and the wound was dipped in the bacterial cultures. Leaves were then 

incubated at -3 °C in an enclosed temperature regulated chamber for 12 h, assessed for evidence 

of disease including water soaking and cell death and then allowed to recover at 4 °C in the dark 

with reassessment at 24 h, 48 h, and one week. Preliminary experiments involved plants grown at 

standard conditions for three weeks with NA and CA plants sprayed with culture as well as cut 

leaves exposed to wound dipping as described. Whole plants and leaf tissue preliminary 

infections were carried out at -3 °C and recovered as described with separate plants and leaf 
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tissue maintained at standard Brachypodium conditions following infection as controls. All assays 

were repeated a minimum of three times. 

4.5 Results 

4.5.1 BdIRI  gene analysis 

The number of predicted full-length IRI genes in Brachypodium database has changed as 

genome assembly quality and annotation tools have improved. Based on the v3 RefSeq 

annotation (GCF_000005505.3), Brachypodium is predicted to encode six full-length IRI genes 

(BdIRI1, BdIRI3, BdIRI4, BdIRI5, BdIRI6 and BdIRI7) and one gene (BdIRI2) encoding a 

truncated protein with an intact LRR domain but with no AFP domain. Alignments of all amino 

acid sequences corresponding to BdIRI1-7 using Clustal Omega from the v3 assembly showed 

annotated apoplast localization signal sequences, LRR motifs of LxxL where x represents a non-

conserved residue, putative protease hydrolysis sites, as well as AFPs (except for BdIRI2) with 

ice-binding motifs of NxVxG/NxVxxG where x represents an outward-facing residue of the beta-

barrel structure (Figure S4.1). The genes are found in three gene clusters on chromosome five 

(Figure S4.2). The organisation shows an adjacent position of two to three genes, with 

transcription in the same direction within each cluster, and flanked by distinct genes including 

some that may be involved in epigenetic regulation. It is possible that adjacent BdIRI loci are 

similarly spatio-temporally or developmentally regulated. For example, BdIRI3 and BdIRI4 are 

adjacent in the genome, and peptides corresponding to the AFP domain of both of these genes 

were identified after mass spectrometry of CA Brachypodium leaves (Bredow et al., 2016). 

To obtain insight into the regulation of the BdAFP genes to better devise a knockdown 

strategy that targeted AFP expression only after exposure of the plant to low temperatures, 

sequences upstream of the translational start site of the BdIRIs, as well as the promoter region 

from a known cold-inducible gene from rice, prOsMYBR1R35 (Figure 4.1; Li et al., 2017), were 

examined for putative cis-acting regulatory elements (CAREs) using PlantCARE (Figure 4.1;  
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Figure 4.1 Illustrations of putative promoter regions 5ô of the ATG start codon in the 

Brachypodium distachyon AFP genes BdIRI1-7 and the known cold-regulated promoter sequence 

of the rice, Oryza sativa, gene OsMYB1R35. The analysis extended until the stop codon of the 

nearest upstream gene. Cis-regulatory elements are annotated with strand positions shown relative 

to the sequence encoding the ATG start. Coloured boxes correspond to canonical cold response 

related and drought resistant element motifs (CRT/DRE; blue), the stress hormone, abscisic acid-

responsive elements (ABREs; red), the cold response pathway inducer of C-repeat binding factor 

expression 1 (ICEr1; grey), low temperature response elements (LTREs; yellow), and the WRKY 

stress transcription factors recognition W-box motifs (purple). 
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Table S1; see publication). All sequences were found to contain cis-elements including canonical 

promoters or enhancers such as TATA-boxes and CAAT-boxes. Cold response-related and 

drought-resistant (CRT/DRE) core motifs (CCGAC), which are cis-elements involved in low 

temperature stress responses, were associated with all the promoters. Additional motifs associated 

with stress and low temperatures including various abscisic acid-responsive elements (ABREs), 

low temperature response elements (LTREs), inducer of cold or C-repeat binding factor 

expression 1 CBF expression 1 (ICEr1), drought response elements (DREs), and the WRKY 

stress transcription factors recognition W-box motifs were all found, and these have been 

annotated (Figure 4.1). The cold-inducible rice promoter shared with the BdAFP promoters 

multiple CRT/DRE motifs in addition to other elements involved in low temperature regulation 

and thus it was surmised to be suitable to drive expression of the inhibitory miRNA.  

Plant gene expression can be regulated by miRNAs both transcriptionally (Yang et al., 

2019) and post-transcriptionally (Jones-Rhoades et al., 2006; Mallory and Vaucheret, 2006; 

Bertolini et al., 2013; Zhang, 2015), with Brachypodium known to transcribe miRNAs as part of 

its cold-stress response (Zhang et al., 2009). Among monocots, Brachypodium and rice have the 

highest number of annotated miRNAs with 525 and 713 (O. sativa) in the miRBase database 

(Release 21). Again, to inform the knockdown strategy, all 7 BdIRI genes, as well as the rice 

promoter, prOsMYBR1R35, were analysed for potential miRNA binding sites. Within the BdIRI 

coding regions, the majority of miRNAs (14/28), belong to the bdi-miR395 family which have 

homologs in rice as well as Arabidopsis (Zhang et al., 2009). This miRNA family is stress-

regulated with members known to target disease resistant proteins (Jones-Rhoades et al., 2004; 

Fujii et al., 2005; Baev et al., 2011; Lv et al., 2016). Other miRNAs from the miR169 family had 

6 putative targets in BdIRI2 and BdIRI5 and are predicted to be involved in the plant oxidative 

stress response (Lv et al., 2016). Likewise, other miRNAs are predicted to regulate multiple 

BdIRIs including bdi-miR7717a-5p on BdIRI2 and BdIRI3 and bdi-miR5055 on BdIRI2, BdIRI3, 

https://en.wikipedia.org/wiki/WRKY_transcription_factor_family
https://en.wikipedia.org/wiki/WRKY_transcription_factor_family
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BdIRI5, and BdIRI6, suggesting that BdIRIs can be regulated by common miRNAs, in addition to 

other miRNAs that target individual BdIRI transcripts. For example, BdIRI4, -3 and -1 are 

clustered on the chromosome but only BdAFP isoforms 3 and 4 were found after mass 

spectrophotometric analysis of leaves (Bredow et al. 2016), suggesting that the lack of the BdAFP 

isoform 1 in that tissue may be due to miRNA regulation by bdi-miR159b-3p.2 with a binding 

site in the BdIRI1 transcript but not in the other BdIRI transcripts. In total, the algorithm indicated 

that all of the BdIRIs had at least one predicted miRNA target in the corresponding transcript and 

all but BdIRI4 showed miRNA binding sites upstream of the coding region (Table S4.2). Notably 

the 1961 bp rice promoter region also showed multiple Brachypodium miRNA target sites, as did 

sequences corresponding to BdIRI1, -2, -5, and -7 gene promoters (Table S2; see publication). 

The observation that the low temperature-regulated promoter regions from both species shared 

some Brachypodium miRNA target sites (e.g. miR1583 and miR5174d), again suggested that the 

choice of this rice promoter to drive expression of the miRNA in BdIRI knockdown lines was 

likely appropriate. 

4.5.2 Promoter function and developmental phenotypes 

In an attempt to curtail pleiotropic effects that might have been due to the constitutive 

expression of the miRNA in previous knockdown constructs (Bredow et al., 2016), CaMV 35S 

was substituted with the cold-induced rice promoter. After construction of the plasmids, 

Brachypodium was successfully transformed using a seed cut method (modified from Fursova et 

al., 2012), which from a total of 150 seeds, yielded three and two PCR-positive transformants for 

the miRNA and eGFP constructs, respectively. The rapid genotyping method (Ben-Amar et al., 

2017) proved effective and overall, 65% of the recovered T1 generation were resistant to the 

hygromycin-selective media. 

Once homozygous lines were selected, the ability of the heterologous rice promoter to 

direct transcription was assessed using western blots with transgenic control Brachypodium 
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bearing the prOsMYB1R35:eGFP construct (Figure S4.3). No bands corresponding to GFP were 

detected in NA or CA wild type extracts, nor in NA prOsMYB1R35:eGFP leaves. However, CA 

prOsMYB1R35:eGFP extracts showed a band at 26 kDa that co-migrated with purified GFP. This 

demonstrates the successful expression of a marker protein in Brachypodium, driven by the 

OsMYB1R35 promoter from O. sativa. 

Plants bearing the rice promoter ligated to the miRNA sequence appeared to develop 

similarly to wild type and showed normal phenotypes with respect to height and seed production 

(Figure S4.4). Two homozygous lines were identified and designated prOmiRBdIRI-1e and 

prOmiRBdIRI-3c. The prOmiRBdIRI-1e and prOmiRBdIRI-3c lines were 25.8±4.07 cm and 

21.86±4.37 cm, and set 106.2±29.9 and 99.5±32.6 seeds, respectively, which was not 

significantly different from wild type at 23.1±4.1 cm and 101.4±27.7 seeds (unpaired t-tests; 

assessed at 12 weeks using three independent growth trials with at least 15 plants per trial; Figure 

4.2). Germination rate was also the same at 90.4±10.9%, 90.0±13.1%, and 91.25±11.3%, for wild 

type, prOmiRBdIRI-1e, and prOmiRBdIRI-3c lines, respectively (8 independent growth trials 

using at least 10 seeds per trial). 

4.5.3 Antifreeze activity and freeze resistance 

 The ability to knockdown AFP expression was tested in ñsplatò assays to visualise IRI 

activity in crude extracts or apoplast samples (Figure 4.3, Figure S4.7). CA knockdown 

prOmiBdIRI-1e and prOmiRBdIRI-3c lines all showed reduced AFP activity compared to wild 

type CA plants and were similar to assays of NA wild type and NA transgenic lines. A dilution 

series used to estimate the difference in activity showed that at 0.01 mg mL-1, CA knockdown 

lines and NA wild type show larger ice crystals at the conclusion of the annealing period 

compared to samples from CA wild type and CA prOmiReGFP. Thus, CA appears to regulate the 

rice promoter to drive the miRNA to attenuate the expression of the AFP gene products, but it is 

possible that endogenous BdIRI promoters may have some very low levels of expression under  
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Figure 4.2 The average height and number of seeds per plant, in Brachypodium Bd21 wild type 

plants and plants from transgenic lines. (A,D) Homozygous transgenic lines employing the CaMV 

35S promoter ligated to the miRNA sequence to generate constitutively expressed BdIRI 

knockdown plants (data taken from Bredow et al.,2016). (B,E) Heterozygous temporal knockdown 

lines employing the OsMYB1R35 promoter, and (C,F) homozygous temporal knockdown lines. The 

data in B, C, E, and F and was compiled at 12 weeks from three independent growth trials using at 

least 15 plants per trial for each knockdown line and wild type. Asterisks indicate significant 

differences compared to wild type (unpaired t-test, p < 5 × 10-9). 
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Figure 4.3 Ice recrystallization inhibition ñsplatò assays of apoplast extracts using non-acclimated 

(NA) and cold-acclimated (CA) Brachypodium distachyon Bd21 wild type and temporal antifreeze 

protein knockdown lines prOmiRBdIRI-1e (Kd1) and prOmiRBdIRI-3c (Kd2). Samples were 

annealed at -6 °C for 18 h at a standardised concentration of 0.01 mg mL-1. Buffer and recombinant 

purified rye grass Lolium perenne AFP (LpAFP) controls are also shown. Assays were performed 

in triplicate with similar results, and representative images are shown. Scale bars represent 0.5 mm. 

Splat assays performed using CA prOmiReGFP plants resulted in results similar to those obtained 

using wild type Bd21, indicating that plasmid presence and seed transformation did not affect AFP 

activity (not shown). 
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NA conditions. As well, although the two lines both show attenuation of AFP activity, there 

appeared to be minor differences in expression, undoubtedly due to position effects, as has been 

shown in other transgene insertions (e.g. Simón-Mateo and Garcia, 2006; Duan et al., 2008; Liu 

et al., 2017).  

TH was significantly increased to 0.05 °C in wild type tissue extracts from CA plants 

compared to being virtually undetectable in NA samples (Table 4.1; Figure S4.5). Plant AFPs 

have TH levels that are typically low with ice-purified BdAFPs previously reported at 0.08 °C 

(Bredow et al., 2016). CA transgenic prOmiRBdIRI-1e and prOmiRBdIRI-3c had TH activities 

that were significantly reduced (77% and 74%) compared to the levels shown by CA wild type. 

Strikingly, these low temperature induced transgenic knockdowns showed levels of TH at 0.013 

°C and 0.012 °C, comparable to previously reported constitutive knockdowns expressing the 

same miRNA, at a TH range of 0.009-0.034 °C (Table 4.1 and Bredow et al., 2016), confirming 

the successful silencing of BdAFP activity even when the miRNA was driven by the temporal 

rice promoter.  

Brachypodium AFPs shape ice into hexagon crystals followed by a smooth, irregular, 

flower-shaped burst (Figure S4.6). As would be expected, samples from CA wild type plants 

showed obvious ice shaping, but some minimal shaping still occurred in NA wild type and 

knockdown samples (Figure S4.7), consistent with the IRI results. Ice shaping in the CA 

knockdowns appeared to occur on the primary prism plane, favouring slight shaping along the a-

axis before weakly bursting (Figure S4.7). In comparison, the CA wild type showed initial 

adsorption affinity for the a-axis primary prism plane quickly followed by adsorption and shaping 

on the c-axis basal plane, forming stunted hexagonal bipyramidal forms with strong bursts when 

the freezing point was exceeded. Rounded BdAFP-mediated ice burst morphology presumably 

would help protect membranes by preventing the growth of large, sharp ice crystals as is seen in 

some freeze-avoiding organisms (Bar Dolev et al., 2016). Such membrane protection can be  
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Table 4.1 Thermal hysteresis (TH) readings done using crude protein extracts from leaf tissue 

lysates on cold-acclimated (CA) and non-acclimated (NA) Bd21 wild type and temporal cold-

induced antifreeze protein knockdown lines prOmiRBdIRI-1e and prOmiRBdIRI-3c. Samples 

were tested at 40 mg mL-1 of total protein concentrated from crude cell extracts. Readings were 

captured using a nanoliter osmometer. Assays were performed in triplicate and values shown are 

the average of three replicates with standard deviation. 

Sample TH (°C) 

Buffer 0 

Wild Type, Bd21 (CA) 0.050±0.019 

Wild Type, Bd21 (NA) 0.005±0.003 

prOmiRBdIRI-1e (CA) 0.013±0.002 

prOmiRBdIRI-1e (NA) 0.003±0.003 

prOmiRBdIRI-3c (CA) 0.012±0.011 

prOmiRBdIRI-3c (NA) 0.002±0.002 
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quantitatively assessed by electrolyte leakage assays. The CA transgenic leaves showed a 

significant increase (~30%) in electrolyte leakage (p < 0.05, one-way ANOVA) at -10 °C when 

compared to CA wild type (Figure 4.4). At higher freezing temperatures of -6 °C, electrolyte 

leakage was variably increased in the CA knockdown lines relative to CA wild type leaves (not 

shown). In all experiments, leaves from plants maintained at 4 °C showed relatively little 

electrolyte leakage independent of the genotype, as expected. 

When entire plants were frozen to -8 °C, 47% of CA wild type survived, significantly 

more (p < 0.01, unpaired t-test) compared to 20% of CA prOmiRBdIRI-1e plants and none of the 

CA prOmiRBdIRI-3c plants (Figure 4.5). In addition, none of the NA plants survived, 

independent of genotype. To further assess ice propagation and freezing patterns of the temporal 

knockdown compared to wild type plants, infrared thermography was used as encouraged by 

previous observations of ice nucleation and propagation in various species (Wisniewski et al., 

1997; Lutze et al., 1998; Ball et al., 2002; Sekozawa et al., 2004; Wisniewski et al., 2015). 

Images of CA and NA freezing leaf tissue from wild type compared to knockdown lines as the 

temperature was reduced to -10 °C were distinct, suggesting that AFPs can slow the propagation 

of ice through leaf tissues, and were consistent with the electrolyte leakage assays (Figure 4.6). 

Thermographs further supported the conclusion that ice propagation at subzero temperatures was 

more rapid in leaves from AFP knockdown lines. Temperature readings collected concurrently 

with thermographs on leaves show CA wild type leaves are 1-2 °C warmer than the NA wild type 

and CA knockdowns, consistent with the known ~2 °C freezing point depression of INPs 

mediated by BdAFPs with a divergence around -2 °C where INPs nucleate ice (Figure S4.8). 

Ice nucleation under natural conditions is invariably initiated by INA+ bacteria, including 

strains of P. syringae, but as noted, Brachypodium AFPs can attenuate INPs in vitro (Bredow et 

al., 2018). To measure the impact of BdAFPs on pathogen infection, wild type and a knockdown 

line were exposed to P. syringae pv. syringae B728A, a pathovar with INPs (Feil et al., 2005).  
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Figure 4.4 Electrolyte leakage assays performed on non-acclimated (NA) and cold-acclimated 

(CA) wild type Brachypodium distachyon Bd21 and two homozygous temporal antifreeze protein 

knockdown lines (prOmiRBdIRI-1e and prOmiRBdIRI-3c). Control leaves were maintained at 4 

°C (white bars) while experimental samples were incubated at -10 °C (grey bars) as indicated. 

Electrolyte leakage was measured as a percentage of electrolytes released after the freeze protocol 

as a ratio of the total released electrolytes after autoclaving, based on the total leaf mass in the 

sample (see Methods). Letters represent statistically significant groups following one-way 

ANOVA with post-hoc Tukey multiple test correction (p < 0.05). Error bars represent the standard 

deviation of the mean and assays were performed in triplicate (n = 10). 
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Figure 4.5 Whole plant freezing survival assay of non-acclimated (NA) and cold-acclimated (CA) 

wild type Brachypodium distachyon Bd21 and two homozygous knockdown lines (prOmiRBdIRI-

1e and prOmiRBdIRI-3c). (A) NA Bd21 wild type. (B) CA Bd21 wild type. (C) NA prOmiRBdIRI-

1e. (D) CA prOmiRBdIRI-1e. (E) NA prOmiRBdIRI-3c. (F) CA prOmiRBdIRI-3c. (G) Values 

represent survival and are the average of three replicates, with error bars showing the standard 

deviation of the mean. Letters represent statistically significant groups following one-way ANOVA 

with post-hoc Tukey multiple test correction (p < 0.01). Two-week-old plants were frozen at a rate 

of 1 °C h-1 to -8 °C in a temperature-controlled chamber in the dark following misting with sterile 

water to initiate freezing. Plants were allowed to recover for two days at 4 °C with no light and 

returned to standard conditions for 7 days before images (A-F) were captured. Assays were 

performed in triplicate (n = 10).  
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Figure 4.6 Thermographs of excised leaf tissue of wild type cold-acclimated (CA), wild type non-

acclimated (NA), prOmiRBdIRI-1e CA, and prOmiRBdIRI-3c CA, from top to bottom, 

respectively. Leaves were equilibrated at 1 °C and frozen to -10 °C. Ice propagation was nucleated 

by an ice chip placed in 10 ɛL of water on the excision wound. Time stamps and temperatures are 

indicated. A diagram of the leaf samples is shown in bottom right with a temperature scale shown 

at the bottom. 
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Leaves from NA wild type and CA knockdown lines treated with the bacterial culture and placed 

at -3 °C, a temperature below which this pathovar nucleates ice (Figure S4.9A), displayed 

disease-like symptoms including water soaking and cell death, while infected plants that were not 

subjected to freezing temperatures displayed non-freeze-associated infection symptoms 12 h post 

infection (Figure S4.9B-S4.9E). In contrast, CA wild type leaves displayed little evidence of 

tissue damage (Figure S4.10). After 24-48 h post infection, leaves from plants known to have 

little or no AFP activity were shrivelled and dry compared to CA wild type leaves, likely due to 

cell lysis associated with ice nucleation and growth. These same leaves showed more disease 

symptoms and cell death one week after pathovar exposure compared to CA wild type controls. 

Although it is not surprising that treated CA wild type leaves showed symptoms of disease 

considering the bacterial titre used, they appeared to have greater resistance to dehydration 

compared to the leaves with low AFP activity. This qualitative assay suggests that AFPs could 

ameliorate the impact of pathogens with INA activity. 

4.6 Discussion 

4.6.1 Heterologous promoter-driven expression 

 The decision around the selection of an appropriate promoter to drive transcription in 

transgenic organisms is frequently challenging. Regulatory sequences including enhancers 

associated with the promoter can dictate tissue and developmental expression and thus 

transcription of a coding sequence of interest can be finely tuned particularly in model organisms 

where sequence libraries of promoters and enhancers are available, such as the rich resources 

available for Drosophila geneticists. For grasses, genetic resources are scarcer and in the absence 

of annotated promoter sequences, constitutive promoters such as CaMV 35S are used. However, 

their employment can risk inappropriate expression, epigenetic silencing, and even suboptimal 

growth (Estrada-Melo et al., 2015; Rajeevkumar et al., 2015; Amack and Antunes, 2020). Thus, 

the short stature, low germination rate, and the near-sterility in transgenic plants generated using 
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the CamV 35S promoter ligated to a sequence for a miRNA that targets the translation of BdIRI 

gene products was unfortunate but not unexpected. Previous empty vector control plants did not 

present pleiotropic effects (Bredow et al., 2016), and thus these detrimental characteristics could 

be associated with the constitutive presence of the miRNA, and either due to the attenuation of 

AFPs and/or LRRs perhaps needed during stem elongation and seed formation, or simply the 

expression of these unregulated miRNAs recruiting polymerases or polysomes and thus 

interfering with proper development.  

As an alternative to constitutive promoters, synthetic promoters consisting of core 

promoters and combinations of enhancer sequences for regulatory elements, sometimes from 

heterologous species, can be constructed with uncertain outcomes (Mohan et al., 2017; Ali and 

Kim, 2019). Again, as another somewhat risky strategy, an entire promoter sequence from 

evolutionarily related plants with documented expression profiles similar to the target genes in a 

second species can be selected and may allow for a greater degree of control including spatio-

temporal expression (Dutt et al., 2014). Likewise, heterologous promoters may be free from 

endogenous signalling that could lead to undesired effects if using a native host promoter (Napoli 

et al., 1990). For the BdAFPs that are known to be produced within two days of CA, the cold-

regulated promoter from O. sativa was an attractive choice even though we were unaware if it 

had been previously used heterologously. In rice it is induced at 4 °C, the CA temperature of 

Brachypodium, and the directed rice transcripts increase continuously for 48 h (Li et al., 2017). 

Here we show that the use of this rice promoter indeed functions in Brachypodium and there were 

no obvious detrimental phenotypes associated with its use, either in the transgenics bearing the 

miRNA sequence or in the eGFP expression plants (Figure 4.2). 

Non-coding RNAs including miRNAs are part of a complex signalling network having 

roles in developmental regulation and stress response with multiple targets for single miRNAs 

(Chen, 2009; Peter, 2010; Wu et al., 2010; Budak and Akpinar, 2015; Liu et al., 2017; Waititu et 
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al., 2020). Complementary sequence targets include gene transcripts that can be hydrolysed, 

translationally inhibited, or can localise to the nucleus and target promoter sequences (Jones-

Rhoades et al., 2006; Li et al., 2013; Yang et al., 2019). Their frequent roles in the regulation of 

stress responses are of interest with regards to genes induced after CA. The Brachypodium 

Poaceae lineage diverged from rice ~50 million years ago, with high homology and synteny 

remaining between Brachypodium and rice genomes (Bossolini et al., 2007; Huo et al., 2009; 

Kumar et al., 2009; IBI, 2010). The identification of Brachypodium miRNA predicted target 

sequences in both the BdIRI and the OsMYB1R35 promoters suggests an evolutionarily conserved 

low temperature response that encouraged the prospect that the rice promoter would not only be 

recognized but could be appropriately regulated by any of the identified Brachypodium miRNAs 

with target sites in the rice sequence (Table S4.1 and Table S4.2; see preprint). 

4.6.2 AFP knockdowns and freezing vulnerability  

As noted, the transgenic lines appeared to have no developmental defects and as such the 

observation that they displayed similar freeze susceptibility as those lines bearing a constitutive 

promoter driving the miRNA translational interference of AFPs convincingly demonstrates that 

AFPs do contribute to freeze tolerance. In wild type Brachypodium, a short two-day CA period is 

both necessary and sufficient to prepare the plants for survival to subzero temperatures and is 

coincident with the appearance of AFPs. These AFPs depress the freezing point of solutions only 

marginally, but more importantly depress pathogen-mediated INA, shape ice, restrict ice crystal 

growth as measured by IRI, reduce electrolyte leakage, and ultimately allow whole plant survival 

even after freezing. Especially striking was the killing of all plants in one line and a second line 

showing less than half the survival rate compared to wild type controls at -8 °C. All these AFP-

related properties were effectively knocked down by the temperature-regulated response of the 

rice promoter to direct miRNA expression (Figures 4.3, 4.4, and 4.5).  
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It has been assumed that AFPs are associated with the plasma membrane since reports of 

a fish AFP bound to model lipid bilayers changed the phase transition and prompted the 

researchers to recommend the use of fish AFPs to confer low temperature survival to plants, 

which ultimately did not meet with success (Kenward et al., 1993; Kenward et al., 1999; 

Tomczak et al., 2002). In plants, the localization of AFPs in the apoplast would suggest limited 

access to plasma membranes in any case. Indeed, mass spectrophotometry of CA Brachypodium 

plasma membrane proteins did not reveal any BdAFPs (Juurakko et al. 2021b). Nonetheless, 

AFPs do protect plasma membranes from damage, presumably from uncontrolled ice growth 

initiated by nucleators in the apoplast with its low solute concentration, and across cell walls into 

the cells.  

The apoplast location of the AFPs allowed their assay in the absence of many other 

contaminating proteins and yielded clear evidence of the knockdown of IRI activity in the CA 

transgenic lines with the appearance of large ice crystals after the annealing period (Figure 4.3). 

Activity in lysates was consistent but not as visually clear, although individual ice crystals were 

substantially larger in dilute samples from the knockdowns compared to controls. As judged by 

western blot analysis of samples from transgenic plants expressing eGFP, the cold-induced rice 

promoter was not strong in Brachypodium. Thus, it is surprising that after a two-day induction 

period, the heterologous sequence-directed miRNA lines showed AFP activities similar to the 

earlier-reported constitutively expressed miRNA lines with respect to IRI, electrolyte leakage, 

whole plant freezing survival, and TH (Figures 4.3, 4.4, 4.5, and S4.5 vs. Bredow et al., 2016). 

This suggests that the single miRNA designed to complement the multiple BdIRI transcripts was 

very effective notwithstanding the heterologous promoter and the miRNAôs less than perfect 

ñmatchò, underscoring the effectiveness of knockdown by translational attenuation (Bredow et 

al., 2016). 
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Structural ice barriers and thermal decoupling controlled by plant architecture and 

morphology, well known in angiosperms between stems and flowers, may not be as easily applied 

to grasses (Kuprian et al., 2014; Bertel et al., 2021). No evidence of either were observed in 

freezing Brachypodium leaves analysed by infrared thermography. However, the presence of 

AFPs in CA wild type tissue was coincident with the obvious retarded advancement of freeze 

fronts, a lag that was on average 1-2 °C different in leaves with AFPs than without, and 

coincidentally similar to the ~2 °C attenuation of ice nucleation activity by BdAFPs (Bredow et 

al., 2018, Figure S4.9). There was no inhibition of ice front development observed in NA wild 

type and CA AFP knockdown lines suggesting that AFPs can delay ice propagation in leaf tissue, 

consistent with IRI, electrolyte leakage, and whole plant freezing assays. Since mass 

spectrophotometric analysis has shown that BdAFPs encoded by BdIRI3 and 4 were detected in 

leaf tissue (Bredow et al., 2016), at least these two isoforms are associated with leaf ice growth 

protection. Adsorption of these AFPs to forming ice crystals will keep crystals small and less 

damaging to adjacent membranes thus limiting leaf damage. 

Similar to the attenuation of freezing by AFPs in leaves was the retardation of damage 

subsequent to infection as seen after exposure of wounded leaves to P. syringae pv. syringae 

B728A. This pathovar can nucleate ice at high subzero temperatures presumably as a means to 

destroy tissues and access nutrients (Feil et al., 2005). It is known that BdAFPs inhibit the activity 

of the P. syringae INP in vitro (Bredow et al. 2018) and we speculate that a physical interaction 

of the INP and BdAFPs is sufficient to impact bacterial fitness, such that the progress of infection 

was slowed down. This effect was seen as early as 12-48 h after the pathogen challenge, and with 

the knockdowns showing more cellular death one week post-infection. Thus, it would be of 

interest in the future to more fully explore the relationship between AFP activity and the 

infectivity of pathogens bearing INPs. 
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The cause of the developmental effects seen in constitutive knockdowns of BdIRI 

(Bredow et al., 2016) is unknown. One potential reason may be the miRNA-mediated loss of the 

LRR isoforms that are hydrolysed in the apoplast from the primary translation products. In 

general, LRRs function in protein-protein interactions and have roles in growth and development 

in many organisms, normally in association with various other proteins. As well as LRR-receptor 

kinases that recognize apoplastic peptides to initiate immune signalling (Fischer et al., 2016) or 

regulate plant growth and development (He et al., 2018), LRR-extension proteins (LRRX) are 

bound to cell walls and function in growth as well as pollen tube formation (Zhao et al., 2018). 

However, to our knowledge, the characterisation and function of plant LRR domains in the 

absence of adjoining ligands has not been reported and any impact of their knockdown during 

development is unknown. Instead, the defective phenotypes may have simply arisen due to the 

constitutive-driven strong miRNA expression non-specifically interfering with gene regulation 

and polysome loading during critical developmental stages, or alternatively, the possibility that 

AFPs have an as yet undiscovered role in Brachypodium development. 

4.6.3 Conclusions and future prospects 

Taken together, we have shown that substituting a constitutive promoter for a 

heterologous temporally regulated promoter to direct the expression of a miRNA that targets the 

BdIRI transcripts substantially reduced AFP activity but with no apparent developmental defects. 

These results highlight the potential of Brachypodium AFPs as candidates for the development of 

freeze-tolerant horticultural crops, if not food crops where there may be public resistance to 

genetically modified plants. Additional biotechnological and research applications extend outside 

agriculture and range from additives to prevent ice recrystallization in stored cells and tissues, 

processed foods, and pharmaceuticals, particularly where infrastructure for flash freezing and 

extremely low temperature storage is not viable or otherwise unavailable. This research also 

opens the way to explore in planta the effects of AFPs on freezing tolerance and pathogen 
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susceptibility as well as the means by which BdIRIs may be regulated through cis-regulatory 

elements and endogenous miRNAs. 

4.7 Acknowledgements 

We acknowledge Dr. Barbara Vanderbeld for her previous published work on the 

miRNA construct, Dr. Heather Tomalty and Robert Eves (Dr. Peter L. Daviesô lab) for use of the 

nanoliter osmometer, Jeff Boudreau (Dr. Ian Chin-Sangôs lab) for assistance with the western 

blots, Kristy Moniz for assisting with plant care, and Ryan Monday for helping to harvest tens of 

thousands of seeds, phenotyping hundreds of plants, and assisting with plant care.  



 

 

 

153 

Chapter 5 

Antipathogenic Brachypodium distachyon antifreeze proteins and ice 

nucleating protein aggregation 

5.1 Abstract 

Antifreeze proteins (AFPs) from the model crop, Brachypodium distachyon, allow freeze survival 

and attenuate pathogen-mediated ice nucleation. Intriguingly, each Brachypodium AFP gene 

encodes two proteins, an autonomous AFP and a leucine-rich repeat (LRR). We present structural 

models suggesting that ice-binding motifs on the ~13 kDa AFPs can ñspoilò nucleating arrays on 

the ~120 kDa bacterial ice nucleating proteins that form ice at high sub-zero temperatures, 

consistent with decreases in ice nucleating activity by lysates from wildtype compared to 

transgenic Brachypodium lines. Strikingly, the expression of Brachypodium LRRs in transgenic 

Arabidopsis inhibited an immune response to pathogen flagella peptides (flg22), with structural 

modelling suggesting this was due to affinity of the LRR domains to flg22. Thus, these genes 

play distinctive roles in connecting freeze survival and anti-pathogenic systems via their encoded 

proteinsô ability to adsorb to ice as well as attenuate bacterial ice nucleation and the host immune 

response. 
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5.2 Introduction  

Since they cannot escape, plants must cope with a multitude of stresses, no more so than 

when winter approaches and they must defend themselves against ice formation, dehydration, and 

the pathogens that thrive even under snow cover. Do these multi-pronged assaults require the 

synthesis of specialised single-function defensive proteins or has evolution selected for multi-

functional protectors? More than two decades ago, Marilyn Griffith argued the latter, in that 

certain hydrolytic proteins could have dual functions; they were antipathogenic and could also 

protect against ice-mediated damage (Hon et al., 1995; Yu et al., 2001). Such proteins, however, 

did not have impressive antifreeze protein (AFP) activities thus her observations were not fully 

embraced by the ice-binding protein field. However, AFPs from a grass, the false brome model 

cereal Brachypodium distachyon (hereinafter, Brachypodium), derive from a putative bi-

functional post-translational product, making them an obvious target for the investigation of 

abiotic stress resistance and antipathogenic multifunctionality.  

Brachypodium AFPs (BdAFPs) are encoded by a family of ice-recrystallization inhibition 

(IRI) genes, BdIRIs, generating products that are exported to the apoplast and processed into two 

proteins: a leucine-rich repeat (LRR), derived from the amino-terminal domain, and a carboxy-

terminal AFP (Sandve et al., 2008; Li et al., 2012). Knockdown of the BdIRI translation products 

in transgenic Brachypodium as well as the heterologous expression of grass AFP in Arabidopsis 

have demonstrated that AFP activity confers protection against membrane electrolyte leakage 

subsequent to sub-zero temperature exposure (Bredow et al., 2016; Bredow et al., 2017). Unlike 

AFPs from freeze-susceptible organisms, Brachypodium AFP (BdAFP) does not lower the 

freezing point of solutions more than ~0.1 °C, but it is very effective at IRI, or the prevention of 

ice crystal coalescence at high sub-zero temperatures or under freeze-thaw conditions, a property 

crucially important for freeze-tolerant grasses. BdAFP has been modelled based on its 67% 

identity to an AFP from another grass Lolium perenne (LpAFP) and has a beta-solenoid structure 
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with two flat ice-binding motifs (Bredow et al., 2016; Middleton et al., 2012). Indeed, although 

an order of magnitude smaller (~13 kDa), BdAFP is structurally similar to the concatenated beta-

solenoid repeats modelled for the ~120 kDa ice-nucleation proteins (INPs) produced by ice 

nucleation-active plant pathogens, such as Pseudomonas syringae. These bacteria can kill plants 

by inducing ice formation at high sub-zero temperatures in order to access intracellular nutrient 

stores and are of commercial concern since they are responsible for up to $7 billion in annual 

crop losses (Nemecek-Marshall et al., 1993; Fall and Fall, 1998; Peng et al., 2016; Smith et al., 

2021). Notably, in addition to their IRI abilities, BdAFPs appear to disrupt INP activity (Bredow 

et al., 2018), but structural uncertainty of the large INPs have hitherto thwarted speculation about 

the interactions of these two proteins.  

Less is known about the LRR proteins derived from the BdIRIs. They have been 

modelled to the extracellular domain of the FLS2 receptor kinase of Arabidopsis (Sandve et al., 

2008; Bredow et al., 2016). FLS2 recognises the flg22 pathogen-associated molecular pattern 

(PAMP) derived from the flagellin of P. syringae and other bacteria, following which FLS2 

triggers an immune response by initiating downstream biochemical changes and epigenetic 

reprogramming while energy is diverted from growth towards immune responses (Chinchilla et 

al., 2007; Cao et al., 2013; Huot et al., 2014). The similarity between the BdIRI LRR proteins and 

FLS2 suggested that they could bind flg22 PAMP and modulate the immune response. If so, 

BdIRIs could provide host protection against a costly immune response while the AFP domain 

neutralised one of P. syringaeôs main weapons, INP. As noted, the structure and mechanisms of 

LRR:flg22 and AFP:INP interactions remain largely unknown. The recent release of AlphaFold 

now provides a tool to investigate these relationships in concert with new experimental evidence 

on the anti-pathogenic properties of the two translation products. 
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5.3 Methods 

5.3.1 Protein modelling and interaction predictions 

INPs and AFPs were modelled using a version of AlphaFold (v2.1.0) running on a Colab 

notebook using a high-RAM runtime provided by Colab Pro+ (Jumper et al., 2021). Protein-

protein docking predictions between various AFPs and INPs were performed using FRODOCK 

(Garzón et al., 2009; Ramírez-Aportela et al., 2016). LRRs and flg22 binding predictions were 

modelled using AlphaFold with a 30 glycine linker connecting the amino terminal of the LRR to 

the flg22 peptide sequence as described (Tsaban et al., 2022) with the LRR carboxyl apoplast 

localization signal sequences omitted to allow for more representative binding events. The LRR-

linker-flg22 models were opened in PyMOL (v2.4.1) and each was independently selected as a 

separate object and the linker was hidden. The LRR was then re-created as a closed surface to 

allow for binding pocket visibility. Any flg22 peptide secondary structures were hidden using the 

command ñcartoon loopò and side chains were shown as sticks. Random permutations of flg22 

were created using the Shuffle Protein Tool (Stothard, 2000). Using the Protein Data Bank in 

Europe (PDBe) Protein, Interfaces, Structures, and Assemblies (PISA) tool (v1.52), interfaces 

between LRRs and peptides were analysed and scored to quantify predicted binding affinity 

(Krissinel and Henrick, 2005; Krissinel and Henrick, 2007; Krissinel, 2010). Chains were 

modified accordingly using the alter command and hydrogen bonds were predicted using the find 

polar contacts between chains command. The PyMOL commands used can be found in File S1 

and all sequences used for models can be found in File S2 (see preprint). 

5.3.2 Construction of LRR plasmids for Arabidopsis 

Constructs of BdIRIs, synthesised by GeneART (Thermo Fisher Scientific, Waltham, 

MA, USA), were confirmed by Sanger sequencing (Platform de Séquençage, Laval, QC, 

Canada). Sequences containing LRR motifs confirmed by InterProScan (Jones et al., 2014) were 

selected and used to form constructs in the pCambia1305.1 plant expression vector (Marker Gene 
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Technologies Inc., Eugene, OR, USA). Alignment and preparation of consensus reads from 

Sanger sequencing and alignment to reference sequences as well as in silico assembly of 

constructs was performed using Benchling (https://benchling.com/) (Benchling, 2020). Primers 

were designed using constructs containing 20 bp overlaps for Gibson assembly. Amplicons of 

BdLRRs containing overlaps were gel extracted using GeneJET Gel Extraction Kits (Thermo 

Fisher Scientific, Waltham, MA, USA) and pCambia1305.1 vectors were prepared and 

subsequently digested using NcoI restriction endonuclease prior to purification using Monarch 

DNA & PCR Cleanup Kits (New England Biolabs, Ipswich, MA, USA). Vector and insert 

concentrations were estimated using a Synergy H1 microplate reader (BioTek Instruments, Inc., 

Winooski, VT, USA) with a Take3 Micro-Volume Plate (BioTek Instruments, Inc.) and 

assembled using NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ipswich, 

MA, USA). Transformations were carried out using 2 µL of 4x diluted assembly mixes into 

DH5Ŭ cell lines, screened using colony PCR, and confirmed with Sanger sequencing. Positive 

clones were transformed into Agrobacterium AGL1 cell lines (Invitrogen, Carlsbad, CA, USA), 

and re-screened for the insert using colony PCR. 

5.3.3 Generation of transgenic Arabidopsis 

Transformation for transient gene expression in Arabidopsis was performed as described 

(Zhang et al., 2020). Arabidopsis seeds were germinated and sown to potting soil and grown at 

standard conditions for three weeks. Simultaneously, Agrobacterium AGL1 cultures containing 

constructed plasmids were used to streak plates of YEB-induced agar containing appropriate 

antibiotics (Table S4; Zhang et al., 2020) and grown for two days before being scrapped and 

washed in 500 µL of wash buffer (10 mM MgCl2, 100 µM acetosyringone). Resuspended cells 

were gently vortexed and 100 µL was taken and diluted 10 times with infiltration buffer (25% 

MS, 1% sucrose, 100 µM acetosyringone, 0.01% Silwet L-77) with a final OD600 Ó 12. Cells 

were then further diluted to an OD600 = 0.5. Finally, resuspended Agrobacterium cells were 
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infiltrated into three-week-old Arabidopsis leaves on the abaxial side using a sterile 3 mL syringe 

with gentle pressure applied to the adaxial side. The zone of infiltration was marked gently using 

a black marker and labels were added to pots for transformant tracking. Following infiltration, 

plants were maintained under direct light for 1 h, using a consumer grade grow-op unit 

(SunBlaster Holdings ULC, Langley, BC, Canada), to allow for drying of the leaves to reduce 

drought response. Plants were then transferred to the dark for 24 h before returning to standard 

growth conditions in a climate-controlled chamber (see growth conditions below) for three days. 

Plants were removed from the chamber and leaf discs were taken using a sterilised 3.5 mm 

diameter biopsy tool (Robbins Instruments, Chatham, NJ, USA). Successful transformation and 

protein folding was confirmed using ɓ-glucuronidase reporting screens on leaf discs from 

transformed leaves tandem to the ROS burst assay as described below. 

5.3.4 Plant material and growth conditions 

Brachypodium seeds of an inbred line, ecotype Bd21 (RIKEN, Japan) and two transgenic 

AFP temporal knockdown lines (Juurakko et al., submitted) were sown in potting soil and 

maintained at 4 °C in darkness for four days to synchronise germination. Seeds were moved to a 

climate-controlled growth chamber (Conviron GEN2000, Controlled Environments Ltd., 

Winnipeg, MB) at standard Brachypodium growth conditions of 70% relative humidity and 20 h 

days at ~150 ɛmol mī2sī1 at 24 °C followed by 4 h periods with no light at 18 °C. Plants were 

fertilised bi-weekly using 10-30-20 Plant-Prod MJ Bloom (Master Plant-Prod, Brampton, ON). 

Cold-acclimated (CA) plants were moved to a separate chamber (Econair GC-20, Ecological 

Chambers Inc., Winnipeg, MB) maintained at 4 °C and given a shortened day cycle of 6 h of light 

(~150 ɛmol mī2sī1) and 18 h dark for 48 h. Non-acclimated (NA) plants remained at standard 

conditions. 

For Arabidopsis cultivation, wildtype seeds of ecotype Col-0 were soaked in water and 

placed at 4 °C in darkness for one week to synchronise germination before being sown in potting 
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soil. Plants were grown in a climate-controlled growth chamber (Conviron GEN2000) under 

standard growth conditions of 16 h days at 22 °C with light at ~150 ɛmol mī2sī1 followed by 8 h 

of darkness at 20 °C. Prior to assay, plants were transferred to 15 °C for a day in the event that 

this facilitated proper folding of the LRR domains. 

5.3.5 Preparation of extracts and apoplast samples for AFP activity 

For the analysis of AFP activity in wildtype and transgenic Brachypodium, extracts were 

prepared using a method modified from that previously described (Bredow et al., 2020). After 

acclimating three-week-old plants, 50 mg of leaf tissue was flash frozen with liquid nitrogen, 

ground into a fine powder, suspended in 400 µL of NPE buffer (25 mM Tris, 10 mM NaCl, pH 

7.5, EDTA-free protease inhibitor tablets), and subsequently shaken for 4 h at 4 °C in the dark on 

a GyroMini nutating mixer (Labnet International Inc., Edison, NJ, USA). Samples were 

centrifuged at 13,000 × g for 5 min, chilled at 4 °C for 5 min, and the centrifugation and 

incubation were repeated. The supernatant was transferred to 1.5 mL tubes and centrifuged again 

at 13,000 × g for 5 min before returning to 4 °C. Protein concentration was quantified using a 

Synergy H1 microplate reader (BioTek Instruments, Inc.) with a Take3 Micro-Volume Plate 

(BioTek Instruments) using A280 at a standard of 1 absorbance unit = 1 mg mL-1. Samples were 

normalised and diluted as described prior to assays, which included inspection of ice crystal 

morphology, electrolyte leakage and measurements of thermal hysteresis, all as described 

(Bredow et al., 2016). AFP assessment using IRI assays were done using plants prepared as 

indicated above (Bredow et al., 2020). Apoplast was prepared essentially as previously 

recommended (Pogorelko et al., 2011). After pipetting 10 µL of the apoplast samples 1 m onto a 

dry ice-chilled glass cover slip, they were annealed at -8 °C for 18 h. Images were captured 

through cross polarising film at 10x magnification, both before and at the end of the annealing 

period, with the experiment repeated independently at least three times for each sample.  
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5.3.6 Ice nucleation assay 

Assay of bacterial ice nucleation activity in the presence of AFPs and extracts was done 

as previously described (Vali, 1971; Tomalty and Walker, 2014). Briefly, 2 µL of sample, 

containing either purified AFPs (1 mg mL-1), concentrated Brachypodium extracts (40 mg mL-1), 

or tannic acid (100 mM) combined with P. syringae INP (Wardôs Natural Science, Rochester, 

NY, USA) (at a final concentration of 50 µg/mL) or INP alone, was pipetted onto a polarised film 

in 10 replicates. After placing the film in a chamber, the temperature was lowered from -1 °C to -

12 °C, at a rate of 0.2 °C min-1. Images along with the temperature were recorded every 60 s. The 

temperature at which 90% of the samples froze (T90) was considered to be the nucleation point. 

The logarithmic cumulative number of ice nuclei per mL in each sample (ὑὝ) was calculated as 

previously described (Bredow et al., 2018) using Valiôs equation (Vali, 1971): 

ὑὝ ὰὲὔὝȾὔ ὠ ρ 

where ὔὝ represents the number of unfrozen samples remaining at time T, ὔ represents the 

total number of samples, ὠ represents the volume of the sample, and the ὰέὫὑὝ  was taken to 

represent the logarithm of cumulative number of ice nuclei per mL. All 10 assays of each sample 

were repeated in triplicate. 

5.3.7 Immune response attenuation ROS burst assay 

Plant immune response was assayed similar to that described (Trujillo, 2016). Briefly, 

discs of transgenic Arabidopsis leaves were excised using a sterile 4 mm biopsy punch (Robbins 

Instruments, Chatham, NJ, USA) and individually placed abaxial side down in sterile water (100 

µL) in each wells of a white 96-well microplate. Plates were incubated overnight at room 

temperature and then sealed with parafilm and covered with aluminium foil. After incubation, the 

water was carefully removed using a multichannel pipette, and replaced with 100 µL of solution 

containing 100 µM luminol, 10 µg mL-1 horseradish peroxidase (HRP), and 100 nM flagellin 

epitope ellicitor (or a control). Assays used a Synergy H1 Microplate Reader (BioTek 
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Instruments, Inc.) using 1 s integration time, 60 min read time, with 2 min intervals measuring 

luminosity. Purified flg22 epitopes (EZBiolab, Parsippany, New Jersey, USA) included flg22-ɔ 

(representative of the flg22 epitope of ɔ-proteobacteria) and flg22-Ŭ (representative of the flg22 

epitope of Ŭ-proteobacteria), which do and do not elicit an immune response in Arabidopsis, 

respectively (Cheng et al., 2021). The assays were conducted on extracts of wildtype Col-0, Col-

0:BdLRR1, Col-0:BdLRR3, Col-0:BdLRR7, and a Col-0:pCambia1305.1 empty vector control 

with both epitope treatments and a non-epitope blank controls. All assays were performed in 

triplicate. 

5.3.8 Statistical analysis 

One way ANOVAs with post-hoc Tukeyôs tests were performed in R using the package 

multcomp for compact letter displays of groups. 

5.4 Results 

5.4.1 AFP-mediated attenuation of INP-induced freezing and INP models 

The freezing point of P. syringae INP preparations was depressed by 1.55 °C with the 

addition of lysates from cold-acclimated (CA) wildtype Brachypodium compared to no lysate 

controls (p < 0.005, one way ANOVA; Figure 5.1; Table S5.1). No changes in ice nucleation 

temperature were seen with non-acclimated (NA) lysates, which have no measurable AFP 

activity. Likewise, nucleation temperatures of lysates from miRNA BdIRI knockdown lines 

(prOmiRBdIRI-1e or -3c; Juurakko et al., submitted) with little to no AFP activity were not 

depressed, irrespective of their CA or NA treatment history, demonstrating that the attenuation of 

INP activity was dependent on AFP activity, as also shown by IRI assays (Figure 5.1). 

Attenuation of INP activity suggests a physical interaction between the two proteins. 

Accordingly, in silico modelling and docking predictions were performed using AlphaFold 

(Jumper et al., 2021) and FRODOCK (Garzón et al., 2009; Ramírez-Aportela et al., 2016). Of the  
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Figure 5.1 Impact of Brachypodium leaf tissue lysates or apoplast extracts on ice nucleation or ice 

crystal size. (a) Representative ice nucleation assays conducted using ice nucleating protein (INP) 

preparations (50 µg mL-1) and concentrated leaf lysates of Brachypodium leaf tissue (final 

concentration of 20 mg mL-1). Small letter groupings indicating significance (p < 0.005, one way 

ANOVA) are shown as applicable. Samples (10 per plate) were repeated in triplicate with similar 

results. Comparison between INPs alone (grey dots) and INPs combined with lysates from cold-

acclimated (blue) or non-acclimated (yellow) wildtype Bd21 lysates. Notably, the cold acclimated 

leaf lysates were comparably effective as the -1.26 °C depression of INP activity by purified 

recombinant BdAFPs at equal concentration (Bredow et al., 2018). (b) Comparison between INPs 

alone (grey dots) and INPs combined with lysates from the low temperature-induced transgenic 

BdAFP knockdown line (prOmiRBdIRI-1e) that was either cold-acclimated (blue) or non-

acclimated (yellow). (c) Comparison between INPs alone (grey dots) and INPs combined with 

lysates from the low temperature-induced transgenic BdAFP knockdown line (prOmiRBdIRI-3c) 

that was either cold acclimated (blue) or non-acclimated (yellow). (d) Ice recrystallization 

inhibition activity in diluted (0.01 mg mL-1) apoplast extracts from leaves of cold-acclimated 

wildtype plants (left) and reduced activity in two cold-acclimated knockdown lines (prOmiRBdIRI-

1e, middle, and prOmiRBdIRI-3c, right). Ice crystal sizes following an 18 h annealing period at -8 

°C (lower images) are compared to those seen immediately after flash freezing (upper images). 

Scale bars represent 0.5 mm.  
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7 isoforms, the product of BdIRI1 was selected as the primary modelling representative, but all 

other full sequence models were made (Figure S5.1), as were just the LRR domains (Figure S5.2) 

or just the AFP domains (Figure S5.3). Previously, Phyre2 homology models of BdAFPs alone 

were folded according to the crystal structure of LpAFP (Bredow et al., 2017; Middleton et al., 

2012). The AlphaFold-generated model of the BdIRI primary translation product shows that the 

LRR and AFP domains are connected via a disordered linker that would facilitate endoprotease 

cleavage following secretion to the apoplast (Figure S5.1). Similar to the Phyre2 model, this new 

model folds each of the AFP domains into right-handed beta-solenoids consisting of opposing 

repetitive ice-binding a- and b-faces, with the sequence NxVxG/NxVxxG, where x is an outward 

facing, hydrophilic residue and the conserved triplets implicated in ice-association are indicated 

in bold (Figure 5.2a; Figure 5.2b; Figure S5.4a). 

Similarly, P. syringae INP (InaZ variant) was modelled as a representative INP. The bulk 

of the model shows a twisted ~28.5 x 0.25 nm beta-solenoid with dual, opposing flat ice-binding 

surfaces characterized by ~63 tandem GYGSTQTAxxxSxLxA repeats, where x is an outward 

facing hydrophilic residue, the presumptive water-ordering conserved triplets are shown in bold, 

and the putative interstrand dimerization tyrosine-ladder triplets are underlined (Figure 5.2c; 

Figure S5.4b). The opposing water-ordering surfaces appear to make equivalent contributions to 

INP activity (Hudait et al., 2018; Ling et al., 2018) and both appeared as flat a- and b- faces in the 

model. As shown, an N-terminal membrane anchor connects to the regularly ordered repeats of 

the beta-solenoid via a disordered linker composed of 61 residues (Figure 5.2c). The model also 

shows a cap-like structure at the carboxyl-end of the solenoid that terminates with a disordered 

tail of charged residues. The cap likely provides structural stability, preventing unwinding and 

amyloid fibril aggregation (Squire et al., 2006; Bryan et al., 2011; Peralta et al., 2015). 

 Both AFP and INP models show that the conserved triplets of the water/ice-associating 

surfaces have two ranks of outward facing residues containing methyl groups, thought to be  
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Figure 5.2 AlphaFold models of Brachypodium distachyon antifreeze protein (AFP) based on the 

representative BdIRI1 AFP and Pseudomonas syringae ice nucleating protein (INP) and their 

interactions as predicted with FRODOCK. (a) AlphaFold BdAFP model (in blue) shown aligned 

to the crystal structure of the related LpAFP (PDB ID: 3ULT; in grey). (b) AlphaFold BdAFP beta-

solenoid fold with the solvent-accessible surface shown in transparency and with both ice binding 

surfaces depicted as flat ribbons (with the ña- and b-facesò on the upper and lower surfaces, 

respectively, with residues detailed in Figure S5.4). (c) AlphaFold model of P. syringae INP as a 

twisted right-handed solenoid formed from the repetitive sequences with the N-terminal membrane 

anchor to the left, the cap sequence on the right, and the solvent-accessible surface area shown in 

transparency. (d) BdAFP cross section demonstrating the hydrophobic internal core and showing 

the relatively flat surface contours created by the ice-binding motifs, with the ña-faceò shown on 

the upper side. (e) Cross section of a FRODOCK docking prediction of interactions between 

BdAFP (from BdIRI1 AFP) in blue with the ice-binding faces in yellow (with the AFP ña-faceò, 

closest to the INP), and P. syringae INP with two ice-binding faces (with the INP ña-faceò upper, 

closest to the AFP). Note: The top 10 FRODOCK predictions (encompassing scores from 7212 

down to 6349 as shown in Figure S5.5) show AFP binding along the entire length of the ña-faceò 

of the INP via the ña-faceò of the AFP, with only a representative image shown here.  
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important for the arrangement of clathrate or ice-like water molecules (Hudait et al., 2018) 

(Figure S5.4). All of the top 10 scoring docking predictions show interactions through the a-faces 

of BdAFP and INP (Figure 5.2d, 5.2e) with docking scores as high as 7200 (Figure S5.5). In 

contrast, the closely related LpAFP, previously shown to attenuate INP less effectively than 

BdAFP (Bredow et al., 2018), showed a lower maximum docking score of 4200, with 20% of 

models showing INP interactions on the single ice-binding a-face, and 80% on the opposite face 

(Figure S5.5; Figure S5.6a). A fish Type III AFP with little ability to perturb INP activity 

(Bredow et al., 2017; Schwidetzky et al., 2020), showed different possible interactions and still 

lower maximum scores of 2800 (Figure S5.5; Figure S5.6b). 

 Previous homology modelling of INPs based on the large bacterial repeats-in-toxin 

(RTX) proteins followed by manual inspection suggested that head-to-tail INP dimers could form 

through tyrosine ladders (Garnham et al., 2011). Here, FRODOCK and AlphaFold modelling 

applied to short INPs composed of 8 tandem repeats, necessitated by computational restrictions, 

also showed similar dimerization (Figure 5.3a). To experimentally test the INP model, ice 

nucleation assays were performed. Heating INP at 37 °C for 24 h depressed the freezing point (-

3.33 °C), suggesting that proposed interstrand interactions may not fully reform again (Figure 

S5.7), consistent with the requirement for low temperature activation (Roeters et al., 2021). The 

polyphenol, tannic acid (TA), destabilises tyrosine ladders such as those found in amyloid fibres 

(Ono et al., 2004), and thus INA assays were performed with TA as a further test of the modelled 

interstrand binding. As hypothesised, TA addition significantly depressed ice nucleation 2.28 °C 

more than INP preparations alone (p < 0.001, one way ANOVA; Figure 5.3b). Significantly, 

when BdAFPs and TA were added together, the attenuation of INP activity was greater than with 

TA alone (-2.88 °C depression compared to control INP experiments; p < 0.001, one way 

ANOVA), suggesting that the ñspoilingò of ice nucleation by TA and AFPs was likely via 

separate sites, again supporting our BdAFP:INP interactive models. Based on models for the INP  
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Figure 5.3 Modelling and other experimental evidence of INP interactions. (a) Tyrosine ladder 

interactions between INP monomers (InaZ) using FRODOCK and AlphaFold models with tyrosine 

residues in yellow showing the head-to-tail dimerization. (b) Ice nucleation assay comparing ice 

nucleating protein (INP) preparations, at 50 µg mL-1 (grey dots) or when INPs were combined with 

100 mM tannic acid (TA; blue dots) and INPs combined with 100 mM TA and BdAFP from cold-

acclimated wildtype lysates (yellow dots). Significance compared to INPs alone denoted by small 

letter displays with TA (p < 0.001, one way ANOVA) and TA + AFP (p < 0.001, one way ANOVA) 

and TA compared to TA + AFP (p < 0.01, one way ANOVA). Ice nucleation assays were repeated 

c

e

f

d

1.5

2

2.5

3

3.5

-6-4-20

L
o
g
 
I
c
e
 
N
u
c
l
e
i
 
m
L

-1

Temperature (°C)

a bc
a b



 

 

 

167 

in triplicate with similar results. Note that the colligative depression of the TA solution was < 0.2 

°C. (c) An AlphaFold model of the P. syringae INP InaZ twisted beta-solenoid structure with GPI-

anchor and linker hidden with tyrosine ladder residues highlighted in yellow (top) and a simplified 

illustration of the INP monomer with exposed tyrosine ladders represented by yellow bars (bottom). 

(d) InaZ with charged residues on the opposing side of the beta-solenoid to the tyrosine ladder with 

negatively charged residues highlighted in red and positively charged residues in blue (top) and a 

simplified illustration with charged residues as described represented by bars (bottom). (e) 

Schematic illustration of INP monomers (with the GPI anchor and cap sequence removed) 

organised by tyrosine ladder interactions, highlighted in yellow, to form a short INP filament. INP 

monomers would first partially dimerize with a single monomer forming tyrosine ladder 

interactions at each end of the twisted solenoid with two separate monomers on opposing sides. (f) 

Self-assembly of INP filaments would precede the assembly of parallel filaments into aggregate 

sheets which could be stabilised through electrostatic interactions by the outward facing positively 

and negatively charged residues (red lines) found on opposing ends, respectively, on the side of the 

beta-solenoid opposite the tyrosine ladders (yellow lines). The schematic illustration shows 35 INP 

monomers (~250 nm2 of surface area) arranged into a sheet that would form patches on the surface 

of P. syringae (top down view). It should be noted that in theory, 34 INP monomers must interact 

to reach critical embryonic ice nucleus mass needed to achieve high sub zero ice nucleation at -2 

°C. 
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monomer (Figure 5.2c) and the modelled INP:INP interactions (Figure 5.3a), a representation of 

the INP oligomer filaments was made, stabilised by interactions between positively and 

negatively charged residues (Figure 5.3d, 5.3e). These were then used to form aggregate sheets 

(Figure 5.3f; Figure S5.8), consistent with the nucleation theory-predicted aggregation of 34 INPs 

required to mediate freezing at high sub-zero temperatures (Qiu et al., 2019). 

5.4.2 LRR-mediated attenuation of the host immune response and modelling 

 Representative LRR sequences corresponding to BdIRI1, 3, and 7 were expressed in 

Arabidopsis, and the impact on the native immune response was assessed using oxidative burst 

assays (Figure 5.4). Arabidopsis lines expressing any of the LRRs showed significantly impaired 

responses (p < 0.001, one way ANOVA) when leaf disks were exposed to the immunogenic 

flg22-ɔ peptide (Cheng et al., 2021), compared to wildtype Arabidopsis controls or transgenic 

plants bearing empty plasmids. Mean photon counts were reduced by 71% and 76% with LRR1, 

by 79% and 83% with LRR3 and by 64% and 70% with LRR7, when compared to transgenic and 

wildtype controls, respectively. No response to the flg22-Ŭ peptide was seen in any of the 

samples, as expected given this peptide is non-immunogenic to Arabidopsis (Cheng et al., 2021). 

 The AlphaFold LRR1 model showed similarity to the FLS2 crystal structure (Sun et al., 

2013) with opposing beta sheets and irregular alpha-helices forming a concave solenoid-like 

structure (Figure 5.5a). To further investigate experimental LRR:flg22 binding, AlphaFold 

interactions were modelled as described (Tsaban et al., 2022), which predicted binding of the 

flg22-ɔ epitope along the length of presumptive LRR binding pocket (Figure 5.5c, 5.5d). Five 

permutations of the flg22-ɔ peptide sequence and modelling of these failed to show the same 

binding orientations and hydrogen bonds identified in the authentic LRR:flg22 complex, adding 

further support for the interaction between flg22 and Brachypodium LRRs (Figure S5.9). 

PDBePISA was used to further interrogate the interface between LRRs, including the 

representative LRR1 and the flg22-ɔ or flg22-Ŭ peptides, which predicted that binding occurs  
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Figure 5.4 Representative oxidative burst assays (reactive oxygen species) as assessed by the 

measurement of emitted photons as a proxy for Arabidopsis immune response. Results are shown 

for untransformed wildtype Arabidopsis (Col-0), Col-0 plants transformed with an empty vector 

(pCambia1305.1, shown as pCambia), and Arabidopsis lines expressing the BdIRI1, BdIRI3 and 

BdIRI4-encoded LRR protein products shown as LRR1, LRR3, and LRR7, respectively. The flg22 

epitopes used were the flg22-ɔ (shown as ɔ) and flg22-Ŭ (shown as Ŭ) peptides previously shown 

to be immunogenic and non-immunogenic, respectively, to Arabidopsis. No epitope blank controls 

(-) were also included. Small letter groupings represent statistically significant differences (p < 

0.001, one way ANOVA) and assays were repeated in triplicate with similar results. 
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Figure 5.5 AlphaFold models of the Brachypodium distachyon LRR1 domain (based on BdIRI1). 

(a) LRR1 in blue, aligned to the crystal structure of the Arabidopsis thaliana extracellular receptor 

FLS2 (PDB ID: 4MN8), in grey. (b) LRR1 model showing secondary structure and solvent 

accessible surface area. (c) LRR1 model with AlphaFold predicted binding of alpha (in yellow) and 

gamma (in blue) flg22 epitopes displaying a putative binding pocket on LRR1 with solvent 

accessible area shown. (d) Hydrogen bonds between gamma residues (in blue) and LRR1 (in grey). 

Hydrogen bonds were predicted between Val-146, Val-148 and Arg-8; Val-148, Thr-150 and Asn-

10; Thr-150 and Ala-12; and Arg-152 and Ser-11 with residues labelled. All hydrogen bonds were 

predicted using the PyMOL find polar contacts between chains function and are indicated by red 

dotted lines with lengths between 2.8 and 3.2 ᴠ. 
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through a hydrophobic interface as indicated by a negative solvation free energy gain of -3.6 and 

-2.1 kcal mol-1, respectively (Table S5.2). The calculated interaction-specific surface areas for 

both peptides were substantive (p < 0.5; https://www.ebi.ac.uk/pdbe/pisa/), while interactions 

with permutations of the flg22-ɔ sequence ranged from 10%-50% of the absolute value of the 

interface area between the LRR1:flg22-ɔ complex (Table S5.2 and Figure S5.9). Using the same 

methodology, two LRRs together were also shown to have high interaction surface areas (Table 

S5.2; Figure 5.6). For example, when LRR3 and LRR4 were allowed to bind in silico, the 

heterodimer showed a negative solvation free energy gain of -7.3 kcal mol-1 when then bound to 

the flg22-ɔ peptide, at least twice that of the LRR:flg22-ɔ interaction, suggesting that more than 

one LRR could simultaneously bind to flg22-ɔ in planta. Likewise, LRR3 and LRR4 homodimers 

showed negative solvation free energy gains of -9.1 kcal mol-1 and -11.9 kcal mol-1, respectively, 

with the LRR4 homodimer forming a sandwich around flg22-ɔ stabilised by 25 predicted 

hydrogen bonds. By taking this idea further, modelled tetramers showed similar results (Figure 

5.6g, 5.6h). Similar interactions were not seen with flg22-ɔ permutation controls (not shown). 

5.5 Discussion 

 The coming of winter is accompanied by low temperature-affiliated stresses in temperate 

plants (Juurakko et al., 2021a) including the orchestration of ice formation on P. syringaeôs 

anchored INPs, presumably to freeze the apoplast at high sub-zero temperatures, allowing 

nutrient access for the pathogen. Such destructive activity must be neutralised by the plant, with 

ice formation allowed at lower temperatures, with additional safeguards in place to prevent ice 

crystal coalescence into larger membrane-damaging crystals. As well, light and water limitations 

would argue that energetically expensive immune responses must be muted. We now show that 

all of these requirements can be met by the BdIRI gene family. Thus, Griffithôs hypothesis that 

plants encode proteins that are both antipathogenic and ice protecting is correct (Hon et al., 1995), 

but even she did not envision the remarkable attributes of the proteins encoded by BdIRI. 
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Figure 5.6 AlphaFold multimer heterodimer complexes with Brachypodium LRRs. (a) The LRR 

from BdIRI3 (LRR3) in blue, BdIRI4 (LRR4) in grey, and flg22-ɔ in yellow. (b) Hydrogen bonds 

in the LRR3 and LRR4 heterodimer and flg22-ɔ complex. (c) Two monomers of LRR from BdIRI3 

(LRR3) in blue and grey, and flg22-ɔ in yellow. (d) Hydrogen bonds in the LRR3 homodimer and 

flg22-ɔ complex. (e) Two monomers of LRR from BdIRI4 (LRR4) in blue and grey, and flg22-ɔ in 

yellow. (f) Hydrogen bonds in the LRR4 homodimer and flg22-ɔ complex. (g) Two homodimers 

of LRR3, in blue and grey, for a total of four LRR3 monomers in complex with flg22-ɔ, in yellow. 

(h) Hydrogen bonds in the LRR3 homotetramer and flg22-ɔ complex. All hydrogen bonds were 

predicted using the PyMOL find polar contacts between chains function and are indicated by red 

dotted lines with lengths between 2.8 and 3.2 ᴠ. 
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