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ABSTRACT 

 

THE EFFECT OF DROUGHT STRESS AND DECREASING DAYLENGTHS ON THE 

ACQUISITION OF FREEZING TOLERANCE IN ASPARAGUS (ASPARAGUS 

OFFICINALIS L.) UNDER CONTROLLED CONDITIONS 

William Short        Advisor: 

University of Guelph, 2021      Professor David Wolyn 

 

The acquisition of freezing tolerance is a complex and vital process for asparagus 

grown in temperate regions. The impact of drought and decreasing photoperiods on this 

trait were explored using two cultivars with varying adaptation to Southern Ontario: 

Guelph Millennium (GM), bred locally, and UC157 (UC), bred in California, USA. 

Drought stress including that before cold acclimation increased freezing tolerance for 

GM compared to UC. Differing adaptative strategies to drought were found through 

cultivar-specific changes in root:shoot ratio, crown water percentage, and 

sucrose/glucose concentrations. Decreasing photoperiods did not impact freezing 

tolerance, although combined with cold temperatures diminished root:shoot ratio and 

increased crown water percentage in UC; GM was non-affected. Decreasing 

photoperiods under warm conditions caused elevated concentrations of crown high-

molecular-weight fructan, decreased glucose and proline in GM compared to UC. 

Varietal differences in response to drought and decreasing photoperiod could be used 

for the selection of new asparagus cultivars.  
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Chapter 1: General Introduction 

Freezing tolerance and winter hardiness are important traits to consider when 

breeding for new asparagus varieties in temperate climates. To produce a cultivar with 

high sustained yields, plants must be able to acclimate to the cold and induce freezing 

tolerance in the fall, as well as de-acclimate in the spring after freeze-thaw cycles. Due 

to the number of interacting factors involved, freezing tolerance may be regarded as 

one of the most complex problems to solve for plant breeders and physiologists 

(Livingston, 2018). Although average global temperatures are increasing, research in 

freezing tolerance is important as the number and severity of erratic weather events are 

rising as well (Jentsch et al., 2007; Field and Barros, 2014). The occurrence of 

unusually mild fall temperatures intermixed with early frost events, could damage plants 

that have not induced winter dormancy in a timely manner. Furthermore, warm spring 

temperatures can cause premature de-acclimation and susceptibility to late spring 

frosts.  

Temperature is thought to be the main signal used by asparagus to induce cold 

acclimation and freezing tolerance (Krug, 1996; Kim and Wolyn, 2015; Yamaguchi, 

2012), although field and growth chamber evidence suggests that changes in 

photoperiod may play a role in cold acclimation through increasing carbohydrate 

partitioning to the crown (Woolley et al., 2002; Sudjatmiko et al., 1997). Selection for 

photoperiodic control of dormancy induction could result in cultivars that acclimate 

quickly when insufficient cold temperatures occur in the fall. Drought stress can also 

cause reduced growth and induce dormancy in asparagus, and have an impact on the 

accumulation of various freezing tolerance associated metabolites (Nolet and Wolyn, 
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2020; Pressman et al., 1989). Other plant species have been found to use similar 

coping mechanisms for cold and drought stress, such as the production of antioxidants, 

hormones, dehydrins, and the accumulation of various osmolytes (Hussain et al., 2018). 

Due to the overlap of signalling pathways and cellular changes induced by drought and 

cold stress, exposure to one stress may allow plants to develop tolerance to the other 

through cross-adaptation (Hoffman et al., 2012). In northern temperate regions, such as 

Southern Ontario, climate change is expected to cause a general increase in drought 

(Mishra and Singh, 2010; Hatfield et al., 2013) and freezing stress (Easterling et al., 

2000; Henry, 2008) over the next century. Therefore, strength in cross-adaptation may 

be increasingly important for minimizing damage to asparagus plants in the future. 

             The objectives of this study were to determine the roles of drought stress and a 

decreasing photoperiod on the induction of freezing tolerance and accumulation of 

related metabolites in asparagus. An experiment was completed to assess changes in 

freezing tolerance attributes after a period of drought stress alone, as well as drought 

and cold temperatures applied in succession. A second experiment evaluated freezing 

tolerance attributes when asparagus seedlings were acclimated under constant or 

decreasing daylengths, with either warm or cold temperatures. Both experiments were 

performed in environmentally controlled conditions and contrasted “UC157” (UC), a 

cultivar adapted to Mediterranean climates, with “Guelph Millennium” (GM), a variety 

grown in northern temperate climates. 
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1.1 Experiment 1 Hypothesis 

Cross adaptation between freezing and drought stress will exist in asparagus. 

 

1.2 Experiment 1 Objectives 

1. To determine the role of drought stress, induced by polyethylene glycol, on the 

acquisition of freezing tolerance in GM and UC.  

2. Determine whether synergism occurs when a period of drought is followed by cold 

acclimating conditions.  

1.3 Experiment 1 Predictions  

1. Drought-stressed plants will have greater freezing tolerance than non-stressed plants 

and reduced freezing tolerance compared to cold acclimated plants.  

2. A synergistic response for the accumulation of metabolites and LT50 is expected 

when drought is followed by cold acclimation. 

3. Decreased crown water percentage, increased root:shoot ratio, and high 

concentrations of crown proline, sucrose, and both low- and high-molecular-weight 

fructans in crowns will correlate positively with freezing tolerance.  

1.4 Experiment 2 Hypothesis 

Asparagus will perceive decreasing photoperiods to cold acclimate and induce freezing 

tolerance. 
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1.5  Experiment 2 Objectives 

1. Determine whether decreasing photoperiods are important for inducing freezing 

tolerance characteristics under warm conditions in GM and UC.  

2. Determine if synergism between decreasing photoperiods and cold temperatures 

exists.  

1.6 Experiment 2 Predictions 

1. Plants will increase freezing tolerance attributes when grown under a decreasing 

photoperiod compared to one that is constant, with the response of GM being greater 

than that of UC. 

2. Decreasing photoperiods will act synergistically with cold temperatures, and this 

synergism will be greater for GM.  

3. Decreased crown water percentage, increased root:shoot ratio, and high 

concentrations of crown proline, sucrose, and both low- and high-molecular-weight 

fructans in crowns will correlate positively with freezing tolerance. 
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Chapter 2: Literature Review 

2.1  Cultivation of Asparagus 

Asparagus (Asparagus officinalis L.) is an herbaceous perennial grown for its 

tender emerging shoots in the spring. Thought to have originated in the Eastern 

Mediterranean, asparagus was first cultivated during the Roman empire and brought to 

North America by European settlers in the 1800s (Ellison, 1986; Knaflewski, 1996). 

Asparagus is a nutritious vegetable high in essential vitamins and the potent antioxidant 

rutin, which has anticarcinogenic, neuroprotective and cardioprotective properties 

(Manach et al., 2004; Ganeshpurkar and Saluja, 2017).    

Asparagus is a dioecious plant with gender determined by a single region on the 

sex chromosomes called the M-locus. Males are Mm, whereas female plants are mm. 

The dominant M haplotype (allele) is characterized by a small number of genes 

promoting masculinization that are absent in the recessive m haplotype (Harkess et al., 

2017). A transcription factor Male Specific Expression 1 (MSE1) was proposed as one 

of the male-inducing genes, since it is strongly expressed in early anther development 

and is absent in the genomes of female plants (Tsugama et al., 2017; Murase et al., 

2017). The ortholog to MSE1, MYB35 in Arabidopsis thaliana (L.) Heynh., is critical for 

early stamen development (Zhu et al., 2008).  All-male varieties (Mm) are primarily 

grown instead of dioecious cultivars as male plants are more productive than females, 

with no energy used for the development of berries. Additionally, seeds from female 

plants germinate into “volunteer” asparagus seedlings that compete for nutrients with 

mature individuals and complicate management in the field. All-male lines are produced 

through an F1 cross between supermale (MM) and female (mm) plants. Supermales 
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can be obtained as double-haploids through anther culture, or by the selfing of bisexual 

flowers that can uncommonly be found on male plants (Sneep, 1953; Feng and Wolyn, 

1993).  

When growing asparagus, four years are required to establish a plantation from 

seed before the first harvest. Plants need to acquire sufficient carbohydrates in storage 

roots to sustain spear production in the spring. The establishment and health of young 

plants in the field are important as this can have long-lasting effects on yield for the 

lifespan of the crop that may be productive for 15 to 20 years (Haynes, 1987). The 

major producers of asparagus are China, Peru, and Mexico, where labour is 

inexpensive, and import demand from countries such as the United States is high 

(FAOSTAT 2016). Chinese harvests account for approximately 88 % of the total world 

production (FAOSTAT, 2016). In Canada, approximately 70 % of all asparagus is grown 

in Ontario (AAFC, 2015). Over the previous ten years, yields have increased from 2000 

kg/ha to 3000-4000 kg/ha due to improved varieties and cultural practices (FAOSTAT, 

2016; AAFC, 2015).  

In Southern Ontario, emerging spears are typically harvested from early May to 

mid-June, after which they are left to elongate and develop into a fern. Leaf-like stems 

called cladophylls are the main photosynthetic organ allowing asparagus to store 

carbohydrates throughout the summer in the crown for next year’s harvest. During the 

fall when temperatures decrease below 15 °C the above-ground fern begins to senesce, 

and the crown becomes fully dormant when the temperature falls below 0 °C (Krug, 

1996; Pressman et al., 1989). Under subtropical climates, such as the deserts of Peru, 

asparagus can be grown year-round with each field able to be harvested twice a year 
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(Toledo, 1989). An established field is typically grown for four months under irrigation, 

then irrigation is withheld for a month to induce dormancy. Plants are then watered, and 

emerging spears are harvested for approximately a month to complete a six-month 

cycle (Toledo, 1989).  

Southern Ontario is one of the coldest temperate climates in asparagus 

production, with winter air and soil temperatures of -20 °C and -5 °C, respectively, being 

common. Over 80 % of all asparagus grown in Ontario is the cultivar “Guelph 

Millennium” (GM) developed by the University of Guelph. The variety “Jersey Giant” 

(JG) developed by Rutgers University in New Jersey was the dominant cultivar grown in 

Ontario prior to GM and has not been planted by growers for years (Dave Wolyn, 

personal communication). In the field, GM sustains higher yields for a greater number of 

years compared to JG (Landry and Wolyn, 2011). In addition, the fern of GM senesces 

earlier than that of JG, with JG typically still green at the first killing frost. This contrasts 

with GM, which is usually fully senesced (Landry and Wolyn, 2011). Another asparagus 

cultivar, “UC157” (UC) developed by the University of California, is well adapted to 

warm climates such as Peru and California and typically dies after three to four winters 

when grown in temperate areas such as Southern Ontario (Dave Wolyn, personal 

communication). Late autumn growth has been negatively correlated with high yields in 

asparagus (Bai and Kelly, 1999), therefore GM’s longevity compared to JG and UC may 

be partly due to early senescence and cold acclimation in the fall.  

LT50, the temperature at which 50 % of plants die, can directly estimate 

adaptation to freezing temperatures. Other attributes such as proline, carbohydrates, 

and protein concentrations can be used as indirect measures of freezing tolerance as 
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their accumulation can have cryoprotective effects (Yadav, 2011). In a field study 

comparing mature GM, JG, and UC157 plants over two years, GM had the lowest (most 

cold-tolerant) LT50 values in early- and mid-October followed by JG and UC157 

(Panjtandoust and Wolyn, 2016). LT50 values were most correlated with high low-

molecular-weight (LMW) fructan, protein, proline, and low sucrose concentrations in the 

rhizome, and high sucrose, proline, and low LMW fructan concentrations in storage 

roots (Panjtandoust and Wolyn, 2016). In late-October and early-November cultivars did 

not differ significantly for LT50 values, indicating UC and JG can reach a similar level of 

freezing tolerance as GM late in the fall. Therefore, the early induction of the cold 

acclimation process by the perception of environmental signals may be critical for the 

continued longevity of cultivars grown in Southern Ontario. 

When breeding for improved winter hardiness, analyzing fully grown plants in the 

field is time-consuming, technically difficult, and subjected to environmental variability 

from year to year. Therefore, the use of seedlings grown in controlled environments is 

beneficial to measure physiological attributes related to cold acclimation. In seedling 

assays simulating fall acclimation, GM had greater freezing tolerance than JG, and JG 

had greater freezing tolerance than UC based on LT50 (Landry and Wolyn, 2012; Kim 

and Wolyn, 2015). LT50 subsequently was correlated with seedling crown reducing 

sugar, sucrose, proline, fructan, and fern chlorophyll concentrations and percent water 

(Landry and Wolyn, 2012; Kim and Wolyn, 2015). Seedling screens may be useful for 

selecting varieties with improved winterhardiness in the future and understanding the 

cold acclimation process.  
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2.2  General Plant Stress 

Plants must adapt to their ever-changing environment and survive under a 

variety of abiotic stresses including high or low temperature and light, flooding, drought, 

and salinity. Complex and specific strategies are used to adapt to these stresses 

including the regulation of gene expression, metabolism, and changes in physiology and 

development. Individual cells are capable of perceiving stress through sensor proteins 

on the cell membrane, although few have been identified due to functional redundancy 

and/or mutant lethality (Zhu, 2016). Abiotic stress signals such as temperature, may 

also be sensed in all parts of the cell. The plasma membrane, endoplasmic reticulum, 

chloroplast, and mitochondrion can produce stress-related signals such as ROS 

(reactive oxygen species), inositol phosphates and calcium (Ca2+) (Mahajan and Tuteja, 

2005; Zhu, 2016). COLD1 is a cold stress-sensing transmembrane protein found on the 

plasma membrane and the endoplasmic reticulum in rice. It is thought to either be a 

calcium channel or regulate a calcium channel, thus contributing to stress-related 

signalling (Ma et al., 2015). Signals produced in various organelles integrate to regulate 

cellular activities and gene expression that help restore cellular homeostasis, allowing 

the plant to survive and adapt to the applied stress(es) (Zhu, 2016).       

2.3  Cold Stress 

Cold stress can critically affect plant growth and development, causing symptoms 

such as wilt, reduced leaf expansion, leaf yellowing and cell death. Plants native to 

regions with warm climates, such as cotton, tomato, and banana, show symptoms of 

injury under low non-freezing temperatures of 10-15 °C (Lynch, 1990; Guy, 1990). Cool 

temperatures can disrupt plant metabolism by affecting the stability and solubility of 
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proteins, as well as rigidifying membranes, which can cause dysfunction of membrane-

mediated processes such as electron transfer systems (Ruelland et al., 2009; Siddiqui 

and Caviocchioli, 2006).  

Plants adapted to temperate regions have evolved a process called cold 

acclimation to survive sub-zero freezing temperatures (Levitt, 1980). This occurs when 

plants are exposed to low non-freezing temperatures and short-day conditions, allowing 

competent species to effectively change their gene expression for increased cold 

tolerance. The primary function of cold acclimation is to stabilize membranes and 

protect vital cell components such as photosynthetic machinery, in preparation for 

freezing temperatures (Steponkus, 1984; Miquel et al., 1993). It is a multigenic, 

quantitative trait associated with various processes including changing membrane 

composition, increasing antioxidant activity, osmotic adjustments, cell 

compartmentalization, metabolism, and production of primary and secondary 

metabolites (Kazemi-Shahandashti and Maali-Amiri, 2018). The optimal duration of 

acclimation for maximal cold tolerance varies between plant species. For example, in 

temperate fruit trees such as apple and peach, six weeks of chilling are required 

(Richardson et al., 1986) compared to three weeks in asparagus (Krug, 1999; Ku et al., 

2007).  

Cold-induced ice formation is the primary cause of plant tissue damage under 

freezing conditions (Ruelland et al., 2009). Ice-nucleation typically starts in the apoplast 

at approximately -0.5 °C to -3.0 °C, where there is a lower solute concentration 

compared to components within the cell (Burke et al., 1976). As the ice crystal grows it 

creates a negative water potential and causes water to flow out of the cytosol (Mazur, 
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1984). This further enlarges the growing ice crystal and puts physical pressure upon the 

plasma membrane and the cell wall, which has been shown to negatively affect plant 

cells (Levitt, 1980; Steponkus, 1984). Freezing typically occurs at relatively slow cooling 

rates of 1-3 °C/h in nature allowing the diffusion of water to occur until an equilibrium 

between the cytosol and extracellular ice is reached. The most damaging effects of 

freezing are due to disruption of the cell membrane from cellular dehydration 

(Steponkus, 1984; Miquel et al., 1993; Pearce, 2004).  

2.4 Drought 

Water stress occurs when the demand for water by the plant exceeds the 

available amount. The effect of this stress varies depending on the length of time and 

severity of the water deficit, genotype, developmental stage, and environmental factors. 

Overall, drought stress causes a decrease in growth and productivity. At the cellular 

level, a deficit in water concentrates solutes, decreases cell volume/turgor, denatures 

proteins, and disrupts various components of the cell membrane (Kaur and Asthir, 

2017). Drought-tolerant crops can maintain cell turgor through osmotic adjustment, and 

modification of the cell membrane through adaptive traits to increase resistance to 

drought conditions (Morgan, 1984).  

Drought stress is first sensed in the roots and this signal is transmitted to the 

shoot. The substance involved in shoot to root signalling is still under debate, with the 

most promising candidate being abscisic acid (ABA), since the early stages of drought 

stress induce this hormone to accumulate in the roots, and large increases in xylem sap 

have been observed (Takahashi et al., 2018). ABA can induce drought protective traits 

such as the closure of stomata, and upregulation of genes involved in producing various 
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stress proteins and osmoprotectants. The accumulation of non-structural carbohydrates, 

mainly from increased starch hydrolysis, as well as proline are highly correlated with 

increased drought stress tolerance (Bartels and Sunkar, 2005). Different plant species 

accumulate unique sugar level profiles, with varying levels of galactinol, sucrose, 

fructan, trehalose, and others. Sugars and proline may decrease cell solute potential, 

and help stabilize protein structures (Seki et al., 2007). The manipulation of genes 

involved in producing these osmoprotective solutes has demonstrated the importance 

each plays in drought stress tolerance. For example, in studies where galactinol 

synthase 2 gene (GolS2) was overexpressed, drought resistance and productivity 

increased in A. thaliana and Brachypodium distachyon L., as well as two varieties of rice 

(Takahashi et al., 2018). 

Asparagus is generally considered drought resistant due to its deep roots, 

although drought stress during active fern growth can reduce the production of 

carbohydrates in storage root tissue and subsequently reduce yields the following 

season (Drost and Wilcox-Lee, 1997). In a field study by Wilson et al. (1996), irrigation 

during summer/autumn fern growth had limited effects on the spear yields of JG, and 

irrigation had a negative impact on UC. It was hypothesized that irrigation may have 

caused late fern growth in the autumn, which reduced energy stores in the crown 

needed for spear production the next spring. Excessive moisture can also increase the 

susceptibility of asparagus to fungal pathogens including Fusarium (Morrison et al., 

2011) and Phytophthora (Saude et al., 2008), which may account for yield losses.  

Genotypic variation has been observed for drought adaptation in asparagus. A 

greenhouse study conducted by Schaller and Paschold (2009) compared the drought 
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resistance and related traits in two cultivars “Gijnlim” and “Grolim” after withholding 

irrigation in potted plants. They concluded that “Gijnlim” plants tolerate drought, 

whereas “Grolim” displays a drought avoidance adaptation with increased stomatal 

regulation. Therefore, water management of “Grolim” is considered important as 

increased photosynthesis could be achieved under optimal conditions. Interestingly, a 

general positive response to irrigation has been observed for European cultivars 

compared to non-European cultivars such as “Jersey Supreme” (JS) (Rolbiecki and 

Rolbiecki, 2007). Brainard et al. (2019) conducted a long-term field study where GM and 

JS were compared under non-irrigated and irrigated conditions. They suggested that JS 

may have avoided drought by accessing deeper water reserves, hence, irrigation 

yielded little to no benefit throughout the study. GM had an increase in yields of 10 % 

overall for over-head irrigation compared to non-irrigated fields. JS also removed 

greater total moisture from the soil profile, therefore GM could be more drought tolerant 

than JS under extreme conditions where there are limited water reserves in the soil 

(Brainard et al., 2019).  

A fall defoliation study conducted by Nolet and Wolyn 2020, analyzed the crowns 

of undefoliated and defoliated asparagus under both a wet and dry season. In the dry 

year, proline levels were generally greater than those in the wet year across all 

treatments. The dry year also increased freezing tolerance for defoliated plants 

compared to the undefoliated control, which was correlated with an increase in rhizome 

sucrose concentrations. During the wet year, early (mid-august) defoliation decreased 

freezing tolerance while late-season defoliation treatments had no affect compared to 

the undefoliated control. Drought stress may have kept the defoliated plants dormant 



 
 

14 
 

during the dry year, whereas the wet year caused plants to re-sprout (three times), 

which may have reduced levels of LMW and HMW fructan in storage roots and other 

cryoprotective metabolites in the crown. 

2.4.1 Simulating Drought Stress in Pot Experiments 

During drought under field conditions, the amount of available water declines 

slowly due to natural soil charging and discharging. In pot experiments where drought is 

simulated by water withholding, deficits may develop at a faster rate compared to field-

grown plants, therefore, the observed physiological response may not have relevance to 

field conditions. Another method used in pot studies, the gravimetric method (Earl, 

2003), automatically weighs pots and replaces transpired water to maintain a relatively 

consistent imposed drought stress. This method can be impractical for pot studies 

involving a large number of plants and is complicated by the gain in plant biomass over 

time that needs to be considered when weighing pots. Other methods such as time-

domain reflectometry (Topp and Davis, 1985), use a probe to measure soil moisture 

content and automated or manual watering to maintain a critical moisture level. Soil 

moisture is highly dependent on the depth of the probe in the soil profile in relation to 

the root zone, and typically only a few representative measurements are taken to save 

time and cost of probes. Replication also may be an issue; plants grown in different 

greenhouse zones may have differing transpiration rates, thus the frequency of watering 

and duration of stress will not be equivalent between zones.  

Salinity can also induce drought stress when the soluble salt levels are 

sufficiently high to limit water uptake due to low water potential (Carrow and Duncan, 

1998). Both drought and salinity lead to cellular dehydration and share similar early 
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responses, although high levels of ions in salinity stress can cause nutrient imbalances 

and deficiencies (Carrow and Duncan, 1998). Polyethylene glycol (PEG) can act 

similarly as salts by binding water molecules and lowering the osmotic potential of a 

solution (Castillo et al., 2007). PEG is non-toxic, inert, and uncharged, and therefore 

does not have an ionic stress effect (Blum, 2008). Various PEG sizes are available, with 

high molecular weights (6000 or greater) found to be sufficiently large to prevent uptake 

by plant roots unless they are damaged (Blum, 2008). Pot studies using PEG to 

simulate drought gradually decrease the osmotic potential of PEG solution applied to 

plants to avoid drought shock, and the soil is flushed frequently to allow for a maintained 

level of drought stress. Therefore, free-draining inert growth mediums such as sand or 

perlite are typically used to prevent the accumulation of PEG or added nutrients (Xu and 

Huang, 2010; Zhang and Kirkham, 1995; Baloğlu et al., 2012). In Populus grown in 

hydroponic conditions, a PEG concentration of 50 g L-1 induced a fast osmotic shock 

resulting in reduced stomatal conductance over 2 hr compared to the control (Caruso et 

al., 2002). Cuttings grown in pots watered three times per week with 50 g L-1 PEG 

nutrient solutions for 23 days had similar effects. 

2.5 Dormancy 

Dormancy is an adaptive response, evolved to allow the survival of plants under 

extreme environmental stress (Vegis, 1964). In perennial plants, it is characterized by a 

reduction in meristem activity of vegetative tissues, thereby reducing growth (Rohde 

and Bhalerao, 2007). Winter and summer dormancy are both strategies used by 

herbaceous perennials to allow survival under extreme water deficit, heat, or frost stress 

(Volaire and Norton, 2006; Anderson et al., 2010). They are both divided into three sub-
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groups including para-, endo-, and ecodormancy. Paradormancy is the inhibition of 

growth by signals from distal organs, such as auxin produced from the meristem, which 

halts bud growth (Rohde and Bhalerao, 2007). Endodormancy is defined as the 

induction of dormancy due to signals such as short days and cold temperatures. Plants 

in this state are unable to initiate growth from meristems even under favourable 

conditions. Ecodormancy follows endodormancy and is defined as the inhibition of 

growth by periods of unfavourable environmental conditions such as extreme cold or 

drought. Plants in this stage require the proper environmental conditions to initiate 

growth from dormant meristems (Volaire and Norton, 2006).  

  Summer dormancy in herbaceous perennials is usually observed in plants from 

Mediterranean climates where mild winters and regular, persistent dry and hot summers 

are common (Nie and Norton, 2009). Steps involved in summer dormancy include 

reduction in meristem growth, senescence of part or all above-ground foliage, and the 

possible development of resting organs (Gillespie and Volaire, 2017). This allows 

survival under long and severe summer drought conditions, which can last four months 

or longer (Norton et al., 2012). Dormant plants need continuous access to water, usually 

achieved by a deep root system, or desiccation and death eventually occur (Nie and 

Norton, 2009).  

Winter dormancy in herbaceous perennials is characterized by the decrease or 

cessation of active growth, senescence of above-ground vegetation, development of a 

resting/dormant organ such as a bulb or crown, and the reduction of metabolic activity 

(Gillespie and Volaire, 2017). In general, short daylengths and/or decreasing 

temperatures are required for herbaceous perennials to enter winter dormancy 
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(Gillespie and Volaire, 2017). In contrast, the main factors inducing summer dormancy 

are increasing daylengths in the spring, and warm temperatures which increase 

transpiration and drought stress. Summer and winter dormancy expression vary 

considerably both within and between species of herbaceous perennials (Norton et al., 

2009; Volaire and Norton, 2006). They protect plants against premature sprouting under 

unfavourable conditions using the same abiotic cues, though reversed. Their thresholds 

and combined effects have been understudied in herbaceous perennials compared to 

woody plants (Norton et al., 2016). Gillespie and Volaire (2017) predict that herbaceous 

perennial species grown in the most northern and southern ranges of temperate 

environments will decrease the incidence of winter dormancy while increasing the 

occurrence of summer dormancy due to global warming. In asparagus, low temperature 

is thought to be the major signal for inducing winter dormancy (Pressman et al., 1989; 

Kim and Wolyn, 2015), whereas drought is the main factor inducing dormancy in desert 

climates including Peru and areas of California (Wilson et al., 2001). 

2.6 Photoperiod  

Changes in photoperiod are consistent in a given location, compared to changes 

in temperature which can vary considerably from year to year. For example, in tropical 

stem-succulent trees, plants can detect very slight variations in daylength of less than 

30 minutes, causing photoperiodic control of the induction or breaking of endodormancy 

(Borchert and Rivera, 2001). Photoperiod can be an ideal signal for plants to coordinate 

their development with seasonal changes. In temperate climates breeding for lines with 

stable and timely winter dormancy may be achieved through photoperiodic control. 

Photoperiod is known to induce endodormancy and be a key component of cold 
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acclimation in woody perennials, such as poplar and specific grape and dogwood 

cultivars (Pearce, 2004; Horvath, 2009). Mutations that affect the perception of 

daylength in poplar and other related trees can change dormancy responses (Olsen et 

al., 1997). For example, overexpression of FT, the activator of flowering, in poplar not 

only induced earlier flowering compared to wild-type plants but also made them 

insensitive to the threshold of short daylengths which would normally induce 

endodormancy (Böhlenius et al., 2006). In a study using latitudinal ecotypes of silver 

birch, a gradual shortening of daylength (24 hr → 8 hr) stopped plant growth and led to 

increases in ABA and decreases in indole-3-acetic acid (IAA) (Li et al., 2003). The 

northern Finland variety had a higher daylength sensitivity and critical daylength (22 hrs) 

for growth cessation compared to the central Finland (18 hr) and southern (14 hr) 

Estonian varieties. LT50 values were also estimated as daylength decreased, with 

freezing tolerance induction being faster for the northern variety compared to the central 

and southern varieties, although LT50s were equal at the end of the experiment where 

the daylength was ~8-10 hours (Li et al., 2003).  

A study conducted in the Qinghai-Tibetan Plateau from 1981 to 2012 estimated 

leaf senescence times for 27 herbaceous and woody plant species across multiple 

research stations within different latitudes (maximal daylengths between 14-14.7 hrs) 

and climate zones (Lang et al., 2019). In stations with a short annual maximal daylength 

a decrease in photoperiod was the main signal inducing leaf senescence, compared to 

stations with a long maximal daylength that used cold temperatures. It was 

hypothesized that in northern sites the critical short photoperiod for leaf senescence 

occurred later compared to that in southern sites, therefore low temperatures induced 
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the start of the leaf senescence process in northern stations. Interestingly for exotic 

species, leaf senescence initiation was mainly induced by photoperiod shortening 

independently of station/latitude. This contrasts with native species where the start of 

leaf browning was regulated by both photoperiod and low temperatures (Lang et al., 

2019). Not all woody perennial species in temperate climates use changes in daylength 

to regulate endodormancy induction, including apple, pear, and some dogwood varieties 

(Heide and Prestrud, 2005; Pearce, 2004).  

Evidence for daylength perception resulting in increased freezing tolerance in 

herbaceous perennials is limited. In Guara coccinea Pursh, freezing tolerance increased 

by about 3 °C when plants were exposed to short-day photoperiods (Pietsch et al., 

2009). Alfalfa uses photoperiod genes to control the partitioning of photosynthates to 

the roots at the end of the growing period (Teixeira et al., 2008); cultivars able to induce 

complete dormancy in the fall were significantly more freezing tolerant when exposed to 

short 8 hr daylengths compared to plants grown under long, 16 hr photoperiods 

(Bertrand et al., 2017). Interestingly, semi-dormant fall cultivars had similar freezing 

tolerances when exposed to either long or short daylengths (Bertrand et al., 2017). The 

role of decreasing daylengths in asparagus cold acclimation is unclear. Yamaguchi 

(2012) conducted a field study in Japan where one-year-old asparagus plants were 

subjected to either natural daylength or 8 hr short days through blocking natural light 

with plastic. Short day conditions were found not to impact dormancy in the autumn. 

Kim and Wolyn (2015) grew 10-week-old asparagus seedlings under chilling (7 °C) or 

warm temperatures (23 °C) with either a constant 8 hr or 16 hr photoperiod in growth 

chambers. Photoperiod had no effect after six weeks of growth on the acquisition of 
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freezing tolerance. Sudjatmiko et al. (1997) proposed that decreasing daylengths 

increases carbon partitioning to the crowns of field-grown asparagus plants, as this 

phenomenon occurred independently of age and low temperatures. In addition, Woolley 

et al. (1999) found an abrupt partitioning of radioactively labelled carbon to the crown in 

asparagus during late summer, hypothesized to be due to decreasing daylength. 

Subsequently, Woolley et al. (2002) used environmentally controlled growth chambers 

to analyze the effects of decreasing photoperiod compared to a constant photoperiod. 

Plants under the constant daylength treatment were grown with a 15.5 hr daylength 

consisting of 12 hr high light intensity provided in the middle of the day, and low 

irradiation applied equally at the beginning and end of the day. For the reducing light 

treatment, the 12 hr high-intensity light remained constant, whereas the low-intensity 

light was reduced by 15 minutes every four days alternately from the beginning or end 

of the day. An abrupt increase in dry matter partitioning to the roots and reduced fern 

production was observed when the photoperiod declined from 15.5 to 14 hrs. As the 

daylength continued to decrease no change was observed. Woolley et al. (2002) 

hypothesized that low temperatures may be required for the continued high root to 

shoot partitioning in daylengths less than 14 hrs. Notably, the magnitude of carbon 

partitioning to the crown was greater for JG than UC157. Therefore, the strength in 

photoperiodic regulation of dormancy could be an important trait to select in 

northern/temperate areas to survive sub-freezing temperatures. The effect of a 

decreasing photoperiod, alone and in combination with cold temperatures, on freezing 

tolerance (LT50) and associated metabolites has yet to be studied in asparagus. 
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2.7 Transcriptome-level Integration 

At the transcriptome level, thousands of genes alter expression during the cold 

acclimation process (Hannah et al. 2005, Winfield et al. 2010). In A. thaliana, which can 

cold acclimate, a correlation between the increased complexity of transcriptome 

changes and the effectiveness of the plant to cold acclimate has been observed 

(Hannah et al., 2006). A small family of three transcription factors called C-repeat 

binding factors (CBFs) were key components in altering the expression of cold-

regulated (COR) genes, allowing the plant to effectively cold acclimate (Barrero-Gil and 

Salinas, 2018).   

CBFs quickly increase in abundance in the first step of cold acclimation and are 

found in species across all land plant lineages (Thomashow, 1999; Skinner et al., 2005; 

Xiong and Fei, 2006; Pennycooke et al., 2008). In A. thaliana, 11 % of all COR genes 

are controlled by at least one CBF transcription factor, and triple mutants for the CBF 

genes result in a severely decreased ability to cold acclimate (Gehan et al., 2015; Zhao 

et al., 2016). Also, in A. thaliana, northern ecotypes locally adapted to Sweden had 

higher COR gene expression compared to southern ecotypes from Italy, adapted to a 

warm climate. Italian ecotypes also possessed non-functional mutations in select CBF 

genes, which may be beneficial in warm climates where high freezing tolerance and 

cryoprotective molecule levels are unnecessary (Monroe et al., 2016; Gehan et al., 

2015). When overexpressed, CBF genes increased freezing tolerance but significantly 

impaired plant growth and development (Gilmour et al., 2004).  

Three CBF genes (CBF1-CBF3) act as central hubs that can be upregulated or 

downregulated by numerous pathways in Arabidopsis. Their promoters combine 
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information on low temperature, light quality, daylength, and circadian clock pathways 

(Table 1.1 Barrero-Gil and Salinas, 2018). For example, A. thaliana CBF expression 

fluctuates daily, peaking around 8 hours after dawn or “ZT8” (Lee and Thomashow, 

2012). Short-day grown plants had greater freezing tolerance and higher CBF transcript 

levels at ZT8 than those grown under long days where phytochrome B and 

phytochrome-interacting factors (PIF4 and 7) repressed the CBF pathway (Lee and 

Thomashow, 2012). Repression of the CBF pathway allows plants to conserve energy 

under favourable conditions, when increasing cold tolerance is unnecessary. CBF 

expression is also affected by signalling from hormones including brassinosteroids, 

jasmonic acid, ethylene, gibberellin, and abscisic acid (Barrero-Gil and Salinas, 2018). 

In general, the role of CBFs is to activate gene expression after the perception of 

multiple environmental signals to allow for increased freezing tolerance. Genes 

activated through the CBF pathway include transcription factors, proteins involved in 

carbohydrate and lipid metabolism as well as cell wall modifications (Jia et al., 2016; 

Zhao et al., 2016). In A. thaliana, CBFs can increase levels of sucrose, raffinose, proline 

and hydrophilic proteins (Kaplan et al., 2007). 

Apart from cold acclimation, CBFs have roles in many other abiotic stresses. For 

example, CBF expression can be induced through ABA, which is known to increase 

after low temperature, drought and salt stress. CBF knockout mutants also have 

decreased salt tolerance, whereas CBF overexpression mutants display increased salt 

and drought tolerance (Zhao et al., 2016; Novillo et al., 2004). To the author’s 

knowledge, the study of CBF’s in asparagus has not been investigated and may be key 

for inducing early cold acclimation in freezing tolerant varieties. When protein 



 
 

23 
 

sequences of Arabidopsis CBF/DREB1 family genes (CBF1, CBF2, CBF3, CBF4, 

DDF1, DDF2) were used as queries to search against the protein database of 

asparagus, three CBF/DREB-like proteins (BLASTP, E<1e-20) were found (NCBI 

Reference Sequence: XP_020272770.1, XP_020246876.1, XP_020262287.1). 

2.8 Metabolites Associated with Stress Tolerance 

2.8.1 Proline 

Proline has traditionally been regarded as the most stress-related amino acid in 

plants. In addition to being essential for primary metabolism, it accumulates rapidly 

under a wide range of abiotic stresses including but not restricted to drought, low 

temperature, salinity, heavy metal exposure, and UV radiation (Hayat et al., 2012). 

Proline is a compatible solute, highly soluble, and a low molecular weight molecule that 

is mostly non-toxic to cells at high concentrations. The metabolism of proline is 

regulated and the balance of its production and degradation varies. During stressful 

conditions, production is promoted whereas degradation is suppressed. Recently, 

accumulation of a mitochondrial protein called Drought and Freezing Responsive 1 

(DFR1) in A. thaliana has been strongly induced by both drought and cold stresses 

(Ren et al., 2018). DFR1 interacts with PDH1/2 and P5CDH, enzymes that degrade 

proline, to suppress their function allowing accumulation and cold/drought stress 

resistance (Ren et al., 2018). Under normal conditions biosynthesis takes place in the 

cytosol of the cell, while stressful conditions also cause production in the chloroplasts 

(Rejeb et al., 2014). Proline can increase in concentration 100-fold in plants subjected 

to stress compared to those in non-stressed conditions (Per et al., 2017; Verbruggen 

and Hermans, 2008). 
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  Proline has various roles in protecting plants under stress, including osmotic 

adjustment, stabilization of membranes and cellular proteins, scavenging ROS, as well 

as acting as a signalling molecule (Szabados and Savoure, 2010). Production can also 

relieve cytoplasmic acidosis under dehydrative stress allowing for normal 

NADP+/NADPH ratios in the cell (Sharma et al., 2011). Proline is also a precursor to 

GABA (γ -aminobutyric acid), a non-protein amino acid, which accumulates under 

stressful conditions (Signorell et al., 2015).  GABA controls various stress responses 

such as stomatal closure, and the regulation of cell turgor and ion homeostasis through 

action on membrane channels (Ranty et al., 2006; Podlešáková et al., 2019). A pre-

treatment of GABA before drought stress (induced by 15 % polyethylene glycol) in white 

clover alleviated leaf wilt and reduced membrane damage compared to plants that were 

not pre-treated (Yong et al., 2017). 

Although there is ample evidence correlating proline levels with increased abiotic 

stress tolerance, this association is not always supported. For example, in salt-stressed 

rice and two sorghum varieties, its accumulation in the leaves was considered a sign of 

injury, not increased salt tolerance (Lutts et al., 1999; de Lacerda et al., 2003). In 

addition, among constitutively cold-tolerant Arabidopsis mutants, some genotypes relied 

on proline accumulation to achieve the phenotype while others did not (Xin and Browse, 

1998). 

2.8.2 Antioxidants and Dehydrins 

Both cold and drought stresses can impact components related to 

photosynthesis including stomatal closure, reductions in photochemical efficiency and 

enzyme activity. A common stress response in plants is the production of ROS, such as 
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the hydroxyl radical and superoxide. Although ROS can play a role in signal 

transduction, their over-production can peroxidize and damage membrane lipid 

components, inactivate enzymes, and damage DNA and protein (Foyer and Noctor, 

2005). The main ROS generating sites in the cell are the chloroplasts, mitochondria, 

and peroxisomes where electron transport and oxidative reactions occur (del Rio, 

2015). The accumulation of antioxidants such as superoxide dismutase (SOD), catalase 

(CAT) and peroxiredoxin (PRX) are induced by many abiotic stresses including cold and 

drought (Hasegawa et al., 2000).  

Dehydrins are a subset of the LEA (late embryogenesis abundant) proteins and 

accumulate in response to both dehydration and low temperature (Close, 1997). Due to 

their hydrophilic nature, and specific amino acid repeat motifs, dehydrins are thought to 

protect cellular macromolecules and structures such as membranes and proteins under 

dehydrative stress (Wise and Tunnacliffe, 2004). Examples of characterized dehydrin 

proteins include Cor15a in A. thaliana, which binds enzymes in the chloroplast stroma to 

protect against freeze-induced inactivation (Nakayama et al., 2007), and CuCOR19 in 

Citrus unshiu Marcow., which can scavenge ROS produced during both cold and 

drought stresses (Hara, Fujinaga, and Kuboi, 2004).  

2.8.3 Sugars 

Water plays an essential role in the stability of lipid bilayers in cells. Lipid head-

groups interact with water through H-bonding and distribute the phospholipids in a way 

that allows a liquid-crystalline state. Dehydration from freezing or drought stress can 

cause membrane phase changes from a liquid-crystalline to a gel phase. The phase 

transition is non-homogenous, causing increased permeability of sections within the 
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membrane. When dehydration occurs in the presence of sugars, such as sucrose, the 

leaking of solutes can be prevented as sugars can H-bond to phospholipid head groups 

(Tarkowski and Van den Ende, 2015). Binding allows the membrane to maintain fluidity 

and prevent phase transitions.  

The increase in sucrose concentration in the asparagus crown is generally 

considered an osmoprotectant against freezing stress, or as a signal for dormant buds 

to initiate growth (Martin and Hartmann, 1990; Pressman et al., 1993). Exogenously 

applied glucose reduces the negative impacts of drought stress on wheat seedlings by 

allowing increased photosynthesis and root growth and led to increased proline and 

soluble sugar levels in leaves (Hu et al., 2009). Glucose can also act as a signalling 

molecule for many metabolic processes and interacts with various plant growth 

regulators (PGRs) such as auxins, cytokinins, ABA and ethylene (Siddiqui et al., 2020). 

For example, in petunia flowers, exogenous glucose application suppressed ethylene 

production and reduced senescence (Kakhki et al., 2009). 

2.8.4 Fructans 

Fructans are synthesized in plants as a carbohydrate reserve once the products 

from photosynthesis exceed the demand of sink tissues (Pollock, 1984). For example, 

as temperatures cool and growth is reduced, fructan production can remain active and 

allow photosynthesis to continue (Livingston et al., 2009). Synthesis starts with a 

sucrose molecule in the vacuole, and through the actions of various 

fuctosyltransferases create fructose-(glycosidic bond)-fructose polymers of varying 

lengths, usually ending in a single glucose residue. Low-molecular-weight (LMW) 
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fructans have 10 or fewer fructose units, whereas high-molecular-weight (HMW) 

fructans have more than 10 fructose units (Wack and Blaschek, 2006).  

Fructan accounts for up to 90 % of the total soluble carbohydrates in storage 

roots and is the main storage carbohydrates in asparagus (Cairns, 1992; Landry and 

Wolyn, 2011). The translocation of carbohydrates from fern to roots occurs as the fern 

senesces in late summer through to early winter (Suzuki et al., 2002). In a study by 

Suzuki et al. (2011), winter-collected storage roots had high fructan concentrations with 

the degree of polymerization (DP) ranging from 3-21, with the majority being short (3-

10) chain fructans. Shiomi (1992) had similar findings, with ~80 % of oligosaccharides 

being 2-8 DP and the remainder being long chains up to 22 DP. Post-harvest, summer-

collected storage roots were also analyzed and contained decreased fructan levels with 

polymerization ranging from 3-10 (Suzuki et al., 2011).  

The accumulation of fructans during cold acclimation has been correlated with 

increased freezing tolerance in many species including asparagus (Livingston et al., 

2009; Kim and Wolyn, 2015). It can be metabolized into simple hexose sugars to 

increase osmotic pressure within cells, thus allowing cold and drought-induced osmotic 

stress resistance. Binding to phosphate and choline groups of lipids can also stabilize 

membranes during freezing stress (Valluru and Van den Ende, 2008). Interestingly, high 

DP fructans provided increased protection compared to low DP for stabilizing 

membranes under stress (Cacela and Hincha, 2006), although it is hypothesized that 

both are needed and have synergistic effects on stress tolerance (Valluru and Van den 

Ende, 2008). In perennial ryegrass, Abeynayake et al. (2015) found an ecotype adapted 

to cold climates created more HMW fructan (DP>7) in root tissue compared to an 
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ecotype adapted to warm climates. They suggested that this accumulation of HMW 

fructan could allow for enhanced recovery after freezing stress. Recently, the 

distribution of different fructans were analyzed in storage root sections of asparagus 

(Witzel and Matros, 2020). The inner-storage root sections, consisting of the 

vasculature and inner cortex, accumulated the highest levels of HMW fructans and this 

was correlated with high sucrose metabolism. 

2.9 Cross-adaptation 

Cross-adaptation, or cross-tolerance, is a phenomenon in which a plant’s 

resistance to one stress leads to the resistance to another form of stress. For example, 

applying a mechanical stress such as brushing leaves can increase chilling tolerance in 

tomato plants (Keller and Steffen, 1995). There are many examples of drought stress 

causing plants to gain freezing tolerance. For example, Rajashekar and Panda (2014) 

found that both low temperature, and drought stress induced by water withholding, 

contributed significantly to the induction of cold tolerance in strawberry. Water stress 

was found to be the dominant factor accounting for ~56 % of freezing tolerance, with full 

freezing tolerance only achieved when both drought and cold were applied 

simultaneously. Viola plants grown under drought stresses of 50 % and 70 % field 

capacity acquired greater freezing tolerance than plants grown under well-watered 90 % 

field capacity (Oraee et al., 2018), and freezing tolerance was correlated with increased 

concentrations of both proline and total carbohydrate in leaf tissues. Hoffman et al. 

(2012) found that moderate drought stress caused an improvement in cold tolerance in 

one of two perennial ryegrass cultivars. Drought preconditioning also increased crown 

fructan, proline, and soluble protein content. Freezing tolerance can also be dependent 
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on genotype and water stress level. In Eucalyptus globulus Labill. seedlings three 

cultivars gained freezing tolerance only under severe drought stress, whereas one 

cultivar gained freezing tolerance only under the moderate level of drought stress 

(Coopman et al., 2010).   

An interesting phenomenon has been observed in alfalfa where freezing tolerant 

varieties produced greater yields than non-freezing tolerant varieties under water 

limiting conditions (Pembleton and Sathish, 2014). Under mild drought stress, freezing 

tolerant varieties had greater shoot production and increased levels of two dehydrin-like 

proteins than non-freezing tolerant varieties. Under severe drought, differences between 

varieties disappeared except for a type-1 sucrose synthase gene, which decreased 

expression in freezing tolerant varieties.  
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Chapter 3: The role of drought stress on the acquisition of 

freezing tolerance in asparagus (Asparagus officinalis L.) 

under controlled conditions 

3.1 Abstract 

Cold acclimation induces freezing tolerance in asparagus (Asparagus officinalis L.), which 

is important for survival and longevity in temperate climates. Previous studies indicated 

that cultivar “Guelph Millennium” (GM), adapted to Southern Ontario, acquires freezing 

tolerance earlier in the fall and maintains it later in the spring than “UC157” (UC), a cultivar 

commonly grown in desert climates. Since drought and cold acclimation metabolic 

pathways overlap, the objective of this research was to determine if drought alone 

induced freezing tolerance or interacted synergistically with cold temperatures. Seedlings 

of GM and UC were subjected to control, drought, or cold acclimating conditions for six 

weeks. Additional treatments included six weeks of drought or control conditions followed 

by six weeks of cold acclimation, and plants grown for 12 weeks under control conditions. 

LT50, the temperature at which 50% of plants die, and metabolites/parameters associated 

with freezing tolerance were measured. GM had decreased LT50 levels (increased 

freezing tolerance) compared to UC under both drought and cold acclimating conditions, 

and no cultivar difference observed under control conditions. Drought stress before cold 

acclimation resulted in increased LT50 (reduced freezing tolerance) for UC compared to 

GM. High root:shoot ratio and low crown water percentage were associated with 

increased freezing tolerance in GM, while a high crown sucrose concentration in UC was 

related to decreased freezing tolerance for the drought treatment. Overall, drought stress 

induced cultivar-specific adaptations causing differences in freezing tolerance, thus 

confirming the interrelationship between these two physiological pathways.  
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3.2  Introduction  

Asparagus (Asparagus officinalis L.) is an herbaceous perennial grown for its 

tender emerging shoots in a variety of climates around the world. When grown in 

Southern Ontario, Canada, cultivars must induce dormancy and cold acclimate in the 

fall before freezing events, maintain freezing tolerance throughout the winter, and de-

acclimate in the spring after late spring freezing events have passed.  

Non-freezing cold temperatures are thought to be the main signal used by 

asparagus to initiate the cold acclimation process (Krug, 1996; Kim and Wolyn, 2015; 

Yamaguchi, 2012), although this may be impacted by other environmental factors such 

as drought stress. Experiments in a wide range of species other than asparagus 

indicate that plants use similar adaptive mechanisms for both drought and freezing 

stress, including the decrease or cessation of growth, production of antioxidants, 

hormones and dehydrins, and the accumulation of various osmolytes as reviewed in 

Hussain et al. (2018). Since both cold and drought stress share similar signalling 

pathways and cellular changes, the exposure to one may cause tolerance to the other 

through cross-adaptation (Hoffman et al., 2012). For example, Hoffman et al. (2012) 

found that moderate drought stress improved cold tolerance both alone and in 

combination with cold temperatures in one of two perennial ryegrass cultivars. Drought 

stress also increased crown fructan, proline, and soluble protein content. In strawberry, 

full freezing tolerance was only achieved when both drought and cold stress were 

applied simultaneously (Rajashekar and Panda, 2014).  

“Guelph Millennium” (GM) is an asparagus variety known for possessing high 

sustained yields and longevity, compared to “UC157” (UC), a cultivar adapted to warm 
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climates that typically dies after 3-4 years in Southern Ontario. A field study by 

Panjtandoust and Wolyn (2016) found that the freezing tolerance of GM was greater 

than UC in early October, compared to later in the fall where freezing tolerances were 

equivalent. Therefore, early cold acclimation by the perception of environmental signals 

in the fall may be critical for continued longevity of cultivars in Southern Ontario. In an 

asparagus seedling assay, the freezing tolerance of GM was elevated compared to UC 

after six weeks, mirroring trends observed for field-grown plants (Kim and Wolyn, 2015). 

Freezing tolerance was found to be highly correlated with increased crown proline, high-

molecular-weight fructan and sucrose concentrations, and decreased crown water 

percentage. The ability to mimic field fall acclimation patterns with seedlings under 

controlled conditions could be used for understanding the complexities of the cold 

acclimation process.  

The impact of drought stress on freezing tolerance in asparagus is unclear, 

although drought can impact the concentration of crown metabolites, including fructan, 

sucrose and proline, which typically are correlated positively with freezing tolerance 

(Pressman et al., 1989; Nolet and Wolyn, 2020; Kim and Wolyn, 2015). Intense drought 

through water-withholding for 24 days in asparagus appeared to decrease crown fructan 

and sucrose concentrations compared to an irrigated control (Pressman et al., 1989). 

When drought was applied simultaneously with cold acclimating temperatures for 55 

days, plants appeared to have a synergistic response as crown sucrose was elevated 

compared to the cold acclimation only treatment. Nolet and Wolyn (2020) observed 

increased crown proline concentrations in a dry growing season compared to one that 
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was wet. A defoliation treatment also increased freezing tolerance and rhizome sucrose 

concentrations in the dry year.  

Investigating the impact of drought stress on freezing tolerance in asparagus 

could be useful for gaining insight into the complexity of cold acclimation and in the 

selection of new cultivars, as the incidences of drought (Mishra and Singh, 2010; 

Hatfield et al., 2013) and freezing stress (Easterling et al., 2000; Henry, 2008) in 

temperate climates are expected to rise in the future. The objective of this study was to 

determine the effects that drought stress alone and drought followed by cold acclimation 

have on the induction of freezing tolerance and related crown characteristics. Two 

varieties with different adaptations to Southern Ontario, UC and GM were compared.  

3.3 Materials and Methods 

3.3.1 Plant Culture 

Twenty-four “cone-tainer” flats (SC10, Stuewe and Sons Inc.; Corvallis, OR) each 

with 96 cells (164 mL volume), were filled with an inert, washed, pure silica beach sand 

(KING Play Sand). Sand grain size was sieved to 0.08-1.25 mm, with most particles 

falling between 0.16 and 0.32 mm (50-70 %). Sand was supported by 5 cm of 

horticultural rockwool (HollandBasics, Holland Industry). Flats were flushed with de-

ionized (DI) water five times before planting. Seed for UC was obtained from Walker 

Brothers (Pittsgrove, New Jersey) and GM from Fox Seeds (Simcoe, Ontario). After 

imbibition in water for one day at room temperature, one seed was planted per cone-

tainer. In each tray 49 plants for each cultivar were established as split-plots. Replicate 

experiments were planted on 8 Mar. 2019 and 7 Mar. 2020. 
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Twelve random flats were placed in each of two replicate greenhouse zones. 

Plants were grown at 23/18 °C (day/night), under natural light conditions supplemented 

with a 16 h photoperiod from halogen lighting with a PPFD of ~80 µmol m-2 s-1. Half-

strength modified Hoagland’s solution (PhytoTechnology Laboratories, Product ID: 

H353), pH of 6.5, was used to water plants as needed and 0.1 g L-1 Iron Chelate (13.2 

%, Plant Products Co. Ltd.) was applied on 10 and 17 May 2019 and 9 and 16 May 

2020. Sand was flushed with DI water weekly to prevent salt accumulation.  

3.3.2 Growth Chamber Treatments 

Ten-week-old seedlings were subjected to six treatments (Table 3.1). Ten 

randomly chosen flats were placed into each of two replicate “warm” growth chambers 

(Conviron Model-PGW 36) at 23/18 °C (day/night) and 60 % relative humidity and two 

flats were placed into each of two replicate “cold” growth chambers at 10/5 °C 

(day/night) and 80 % relative humidity. All growth chambers had a 14 h photoperiod 

provided by alternating strips of fluorescent grow lights and far-red LED bulbs with a 

total PPFD of 400 µmol m-2 s-1 measured 56 cm from the bottom of the flat. All flats 

were watered initially with DI water, after which four flats from each replicate warm 

growth chamber were chosen randomly to be drought-stressed with incremental 

applications of 5 g L-1 , 25 g L-1 and 50 g L-1 PEG6000, where the latter treatment had a 

water potential of -0.14 MPa, determined by a thermocouple psychrometer (PSY1 Stem 

Psychrometer; ICT Intl., Armidale, NSW, Australia). The first two concentrations were 

applied once, three days apart. Thereafter, flats were watered with 50 g L-1 PEG6000 at 

three-day intervals for the duration of the treatment. Control flats were watered at the 

same time using DI water. All solutions were adjusted to pH 6.5 using dilute HCl and 
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NaOH. At every third watering both the PEG6000 solution and DI water were made to 

half-strength Hoagland’s (PhytoTechnology Laboratories, Product ID: H353) for 

fertilization. Plants in cold chambers were watered with DI as needed. 

After six weeks, two flats were chosen randomly for each of the control (Table 

3.1; treatment #1), drought stress (treatment #2), and cold stress (treatment #3) 

treatments from each replicate growth chamber for analysis as described below. For the 

remaining flats, controls were moved from each warm chamber and transferred to each 

of two replicate cold chambers (treatment #5). Likewise, the two remaining drought-

treated flats from each warm chamber were transferred to two replicate cold chambers 

(treatment #6). The remaining two control flats remained in the warm chambers 

(treatment #4). After an additional six weeks of growth, plants for treatments 4, 5 and 6 

were analyzed as described below.  
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Table 3.1 Summary of treatment levels applied to 10-week-old asparagus seedlings.  

Treatment No. Stress Abbreviation Duration Temperature 
(day/night) 

1 Control - 6 wk 23/18 oC 
2 Drought - 6 wk 23/18 oC 
3 Cold - 6 wk 10/5 oC 
4 Control (Con) 12 wk 23/18 oC 
5 Control→Cold (Con/Cold) 6+6 wk 23/18 oC→10/5 oC 

6 Drought→Cold (Dro/Cold) 6+6 wk 23/18 oC→10/5 oC 
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3.3.3 Sampling and LT50 

Crowns from seven randomly chosen seedlings in each flat were bulked for 

metabolite analyses as described below. The remaining 42 plants, per cultivar, in each 

flat were used for LT50 analysis. Ferns were removed three centimeters above the soil, 

and flats were flushed with DI water five times to remove PEG6000. One replicate flat 

for each treatment was placed randomly into each of four chest freezers. Temperature 

was maintained at 3 °C for 2 h, 0 °C for 3 h, then lowered to -3 for 9 h to allow for ice 

nucleation. Additional freezing treatments of -6, -9, -12, -15, and -18 °C were achieved 

by decreasing the temperature 3 °C h-1 and maintaining it for 1 h. A Hobo thermocouple 

(Pocasset, MA) inserted 2.5 cm below the soil surface was used to monitor temperature 

changes. After each freezing treatment (-3 to -18 °C), seven random plants for each 

cultivar replicate were thawed at 4 °C for 24 h and two replicates per treatment were 

placed in each of two greenhouse zones and watered with DI water as needed. After 4 

wk plants were rated as dead or alive to estimate LT50 values. 

3.3.4 Tissue Preparation and Fresh/Dry weight   

Selected plants for metabolite/physiological analysis were cut to remove fern 

tissue, and the remaining crowns were washed thoroughly using cold tap water and 

blotted dry with a paper towel. Fresh weight was determined for fern and crown tissue. 

Ferns were then dried in a convection oven at 60 °C for one week, then weighed. 

Crowns were placed in aluminum bags and immediately frozen in liquid nitrogen. 

Samples were stored at -80 °C, then freeze-dried (FreeZone 4.5 L Freeze Dry System, 

Model 77510, LABCONCO; Kansas City, MO, USA). Crown tissue was weighed, then 

homogenized using a Waring blender (Model 7011S, Waring, New Hartford, CT, USA). 
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The powder was passed through a 60-mesh sieve to remove epidermal tissue, 

transferred to 50 mL falcon tubes, and stored at -80 °C. Water percentage was 

determined as [(Fresh weight – dry weight) / fresh weight)] x 100. 

3.3.5 Proline Assay 

Proline was measured using a modified acid ninhydrin method (Shabnam et al., 

2016). Tissue (30 mg DW) was homogenized with 1 mL of EtOH solution (3 % (w/v) 

sulfosalicylic acid in 80 % EtOH) in a 2 mL microcentrifuge tube and incubated for 20 

min at 70 °C followed by cooling to room temperature on an orbital shaker (150 rpm) for 

15 min. Tubes were vortexed for 15 s to suspend tissues, then centrifuged at 20 000 gn 

for 10 min. For proline determination, a 50 µL aliquot of the supernatant was combined 

with 950 µL double-deionized water (ddH2O) and 2 mL of 1.25 % ninhydrin in glacial 

acetic acid in a 15 mL centrifuge tube.  Tubes were vortexed for 15 s and placed in a 

100 °C water bath for 30 min. The reaction was stopped by placing tubes in an ice bath. 

Once cooled, the resulting reaction mixture was transferred into a sealed semi-micro 

cuvette and absorbance was measured at 508 nm with a spectrophotometer (Epoch™ 2 

Microplate Spectrophotometer from BioTek, Winooski Vermont). Proline concentration 

was estimated as mg g-1 DW using a 0 to 31 μg mL-1 L-proline standard curve. 

3.3.6 Sucrose/Glucose Assay 

Glucose and sucrose were quantified using a commercially available kit (K-

SUCGL; Megazyme International Ireland, Bray, Ireland). Carbohydrates were extracted 

from tissue (100 mg DW) with 20 mL ddH2O at 70 °C for 30 min.  Two millilitres of 

solution were transferred to 2 mL microcentrifuge tubes and centrifuged at 20 000 gn at 

room temperature for 5 min. From each extract, 200 μL of the supernatant was added to 
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each of four separate 20 mL borosilicate glass test tubes. Two hundred microliters of 

supplied sodium acetate buffer were added to each of two duplicate test tubes for D-

glucose determination, while 200 μL of β-fructosidase was added to each of the 

remaining two duplicate test tubes for sucrose and D-glucose determination. All tubes 

were incubated at 50 °C for 20 min in a hot water bath. Subsequently, 3 mL of glucose 

oxidase/peroxide reagent was added to all tubes which were incubated for an additional 

20 min at 50 °C. Absorbances were measured at 510 nm in disposable semi-micro 

plastic cuvettes and compared to a D-glucose control of known concentration. Sucrose 

concentration was estimated using the difference in absorbance between D-sucrose + 

D-glucose and D-glucose. The Mega-Calc™ Excel-based tool was used to calculate the 

concentration (g 100 g1) of glucose and sucrose 

(https://www.megazyme.com/documents/Data_Calculator/K-SUCGL_CALC.xlsx). 

3.3.7 Fructan Assay 

Low- and high-molecular-weight fructans were determined for crown tissues 

using a commercial fructan analysis kit (K-FRUC; Megazyme International Ireland) 

(McCleary et al., 2019). Tissue (100 mg DW) was extracted with 25 mL of 90 % ETOH 

at 70 °C for 20 min, centrifuged at 20 000 gn, and the supernatant was collected. The 

remaining residue was extracted with 25 mL double-deionized water at 80 °C for 20 min 

and centrifuged. A 100 μL sample of the low-molecular-weight ethanol extraction was 

evaporated to dryness in a test tube and rehydrated with 200 μL ddH20. All other steps 

were followed as per the manufacturer’s instructions. Concentrations of D-fructose and 

D-glucose, derived from fructan hydrolysis, were estimated through a reaction with 

parahydroxybenzoic acid hydrazide. The colour produced at 410 nm was compared to a 

https://www.megazyme.com/documents/Data_Calculator/K-SUCGL_CALC.xlsx
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D-fructose standard of known concentration as the response for both D-fructose and D-

glucose is equivalent. The Mega-Calc™ Excel-based tool was used to calculate the 

fructan concentration (g 100 g1) in a sample 

(https://www.megazyme.com/documents/Data_Calculator/K-FRUC_CALC.xlsx). 

3.3.8 Statistical Analysis 

 Data analyses were conducted with SAS version 9.4 (SAS Institute, Cary, NC, 

USA). A split-plot design was used, where treatments (#1-3) or (#4-6) served as whole-

plots in separate analyses, and cultivars (GM, UC) were sub-plots. Studentized residual 

plots were analyzed for homogeneity, and normality was tested using a Shapiro-Wilk 

test with PROC UNIVARIATE. Proline data for treatments #1-3 were lognormal 

transformed in SAS, back-transformed results are shown. Restricted maximum 

likelihood (REML) covariance parameter estimates were performed on parameters 

using PROC GLIMMIX. The random effects of year, chamber(year), and 

chamber*treatment(year) were included in the model. Simple effect comparisons of 

treatment and cultivar were made using treatment*cultivar least square means with the 

“slicediff” option for a Tukey’s Honestly Significant Difference (HSD) adjustment 

(P≤0.05). PROC CORR was used to generate correlation coefficients between analyzed 

variables, and LT50 was predicted using PROC PROBIT. 

3.4 Results 

3.4.1 Statistical Analysis 

 The effects of year, chamber within year, and interactions with fixed effects were 

non-significant for all parameters. Therefore, data were pooled over years 2019 and 

https://www.megazyme.com/documents/Data_Calculator/K-FRUC_CALC.xlsx
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2020 for each treatment. The fixed effects of treatment, variety, and treatment*cultivar 

for each parameter are summarized (Table 3.2).  

3.4.2 Freezing Tolerance 

GM and UC did not differ for either the six-week or twelve-week control 

treatments (Fig. 3.1A and B). GM had decreased LT50 values (increased freezing 

tolerance) compared to UC after six weeks of drought or cold acclimation by 

approximately 1 and 2 °C respectively; however, only cold acclimation treatments 

differed from controls for both cultivars (Fig. 3.1A). Drought followed by cold acclimation 

did not have a synergistic effect on freezing tolerance; values for cultivars did not differ 

from those for cold acclimation alone (Fig. 3.1B). LT50 was higher for UC than GM in the 

drought followed by cold treatment by approximately 2 °C (Fig. 3.1B), suggesting a 

cultivar specific effect, also seen in the drought only treatment (Fig. 3.1A).   
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Table 3.2 Significance of fixed effects; treatment (T), cultivar (C), and their interaction (T 

x C) for six- and twelve-week treatments over two years.  
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Fig 3.1 Freezing tolerance (LT50) of asparagus cultivars Guelph Millennium (GM) and UC157 
(UC) grown under (A) six weeks of control, drought and cold acclimating conditions or (B) 12 
weeks control (con), control/cold (con/cold), or drought/cold (dro/cold) conditions. Data were 
pooled over years (2019 and 2020). Error bars represent ±SE, n=8. Upper- and lower-case letters 
denote differences between treatments within cultivar for each subfigure determined by Tukey’s 
Honestly Significant Difference test at P≤0.05. Differences between cultivars within treatments 
were determined by a Tukey’s Honestly Significant Difference test and denoted by P≤0.05; *, 
P≤0.01; **, P≤0.001; ***. 
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3.4.3 Physiological Parameters 

Drought treatment increased the root:shoot ratio only for GM compared to the 

control, and values for both cultivars after cold acclimation were greater than those for 

drought (Fig. 3.2A). GM had an elevated root:shoot ratio compared to UC for both the 

drought and cold acclimation treatment. Drought followed by cold acclimation appeared 

to have a synergistic effect only for GM (Fig. 3.2B).  

Fern water percentage generally decreased after six weeks of drought treatment 

or cold acclimation; cultivars differed only for the latter and water percentage for GM 

was lower than that for UC (Fig. 3.2C). Fern water percentage appeared to decrease as 

control plants matured in the six- and twelve-week treatment groups, however; no 

differences were detected between cultivars or treatments within cultivar at the latter 

sampling time (Fig. 3.2C and D).  

Only cold acclimation decreased crown water percentage for both cultivars and 

values for GM were lower than those for UC by approximately 3 % (Fig. 3.2E). Drought 

stress decreased water percentage 1.5 % in GM compared to UC. Crown water 

percentage appeared to decrease with plant age for controls, comparing the six- and 

twelve-week treatment groups (Fig. 3.2E and F). For the twelve-week treatments, 

values were generally similar for cultivars and environmental conditions, however, water 

percentage was lower for GM than UC when plants were untreated for six weeks 

followed by six weeks of cold acclimation (Fig. 3.2F). 
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Fig 3.2 Root:shoot ratio (A,B), fern water percentage (C,D), and crown water percentage (E,F) of 
asparagus cultivars Guelph Millennium (GM) and UC157 (UC) grown under six weeks of control, 
drought and cold acclimating conditions (A,C,E) or 12 weeks control (con), control/cold (con/cold), 
or drought/cold (dro/cold) conditions (B,D,F). Data were pooled over years (2019 and 2020). Error 
bars represent ±SE, n=8. Upper- and lower-case letters denote differences between treatments 
within cultivar for each subfigure determined by Tukey’s Honestly Significant Difference test at 
P≤0.05. Differences between cultivars within treatments were determined by Tukey’s Honestly 
Significant Difference test and denoted by P≤0.05; *, P≤0.01; **, P≤0.001; ***. 
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3.4.4 Metabolites 

Crown proline concentration increased under both drought stress and cold 

acclimation within each cultivar compared to the control, although the magnitude of 

response was greatest for the latter (Fig. 3.3A). Proline concentration was greater for 

UC than GM under cold acclimation. Drought followed by cold acclimation did not have 

a synergistic effect (Fig. 3.3B). Levels increased for both cultivars when plants were 

grown under control or drought conditions followed by cold acclimation, and proline 

concentrations were greater in UC than GM for both treatments.  

Crown sucrose concentrations decreased after cold acclimation and cultivars did 

not differ (Fig. 3.3C). Levels increased for UC after drought treatment by 30 % while GM 

did not respond. Concentrations for controls appeared lower for those grown with the 

twelve-week compared to the six-week treatments (Figs. 3.3C and D). Sucrose 

concentration increased similarly for untreated or drought-stressed plants subsequently 

subjected to cold acclimation, but cultivars did not differ (Fig. 3.3D). 

Crown glucose concentrations were generally not affected by drought or cold 

acclimation for both cultivars, although UC levels decreased under cold acclimation 

(Fig. 3.3E). A synergistic response was observed for UC plants that were drought 

stressed followed by cold acclimation; GM was unresponsive to cold acclimation alone 

or drought stress followed by cold acclimation (Fig. 3.3F).  
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Fig 3.3 Proline (A,B), sucrose (C,D), and glucose (E,F) concentrations of asparagus crowns in 
cultivars Guelph Millennium (GM) and UC157 (UC) grown under six weeks of control, drought 
and cold acclimating conditions (A,C,E) or 12 weeks control (con), control/cold (con/cold), or 
drought/cold (dro/cold) conditions (B,D,F). Data were pooled over years (2019 and 2020). Error 
bars represent ±SE, n=8. Upper- and lower-case letters denote differences between treatments 
within cultivar for each subfigure determined by Tukey’s Honestly Significant Difference test at 
P≤0.05. Differences between cultivars within treatments were determined by Tukey’s Honestly 
Significant Difference test and denoted by P≤0.05; *, P≤0.01; **, P≤0.001; ***. 
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Total fructan concentration increased for UC after both drought and cold 

acclimation, whereas GM did not respond (Fig. 3.4A). GM had a higher concentration 

under control conditions compared to UC (Fig. 3.4A). Total fructan concentration was 

not affected by drought or control conditions followed by cold (Fig. 3.4B). Low molecular 

weight (LMW) fructan concentration decreased similarly for both cultivars after cold 

acclimation, and drought had no effect (Fig. 3.4C). Control conditions or drought stress 

followed by cold acclimation generally did not impact the trait within cultivar, although 

values for UC were greater than those for GM in both treatments (Fig. 3.4D).  

High molecular weight (HMW) fructan concentration only increased in response 

to cold acclimation for both cultivars by approximately 150 %, however, the level for GM 

was greater than that for UC (Fig. 3.4E). Concentrations appeared greater for controls 

with the twelve-week compared to six-week treatment group (Fig. 3.4E and F). Both 

cultivars did not respond to the control or drought-stress treatments followed by cold 

acclimation, although levels across both treatments were lower for UC than GM (Fig. 

3.4F).  
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Fig 3.4 Total crown fructan (A,B), low-molecular-weight fructan (C,D), and high-molecular-weight 
fructan (E,F) concentrations in asparagus cultivars Guelph Millennium (GM), and UC157 (UC) 
grown under six-week control, drought and cold acclimating conditions (A,C,E) or 12 weeks 
control (con), control/cold (con/cold), or drought/cold (dro/cold) conditions (B,D,F). Data were 
pooled over years (2019 and 2020). Error bars represent ±SE, n=8. Upper- and lower-case letters 
denote differences between treatments within cultivar for each subfigure determined by Tukey’s 
Honestly Significant Difference test at P≤0.05. Differences between cultivars within treatments 
were determined by Tukey’s Honestly Significant Difference test and denoted by P≤0.05; *, 
P≤0.01; **, P≤0.001; ***. 
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3.4.5 Correlations 

LT50 was correlated positively with crown sucrose and LMW fructan 

concentrations and crown water percentage, and negatively with proline and HMW 

fructan concentrations and root:shoot ratio for the six-week control, drought, and cold 

acclimation treatments (Table. 3.3A). For the twelve-week treatments, control or control 

and drought stress followed by cold acclimation, proline and sucrose concentrations and 

root:shoot ratios were correlated negatively with LT50 (Table. 3.3B). Comparing 

significant correlations coefficients between the six-week and twelve-week treatment 

groups, some were unique within a group and others were similar or changed from 

positive to negative or negative to positive. Similar correlations among treatment groups 

included the negative correlations of: sucrose with HMW fructan, LMW fructan with 

HMW fructan, and crown percent water with HMW fructan (Table. 3.3A and B). For the 

six-week treatments, sucrose concentration was correlated positively with LT50 and 

negatively with proline concentration, while negative and positive correlations were 

observed, respectively, for the twelve-week treatment group.   
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Table 3.3 Pearson correlation coefficients between metabolic and physiological 

parameters analyzed for asparagus cultivars Guelph Millennium and UC157 after (A) six 

weeks of control, drought, and cold acclimating conditions or (B) twelve-weeks of control, 

control/cold, and drought/cold treatments. 
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3.5 Discussion 

Drought stress impacted the acquisition of freezing tolerance and altered the 

metabolite concentrations and physiological parameters of asparagus seedlings. GM 

was more freezing tolerant than UC after drought stress, and drought stress followed by 

cold acclimation. Increased freezing tolerance under drought stress was associated with 

high root:shoot ratio, low crown water percentage, and low sucrose levels, whereas the 

trait was correlated with low glucose and high root:shoot ratio for drought followed by 

cold acclimation treatment.    

Cold-acclimated plants had the greatest increase in freezing tolerance, which 

was similar to previous seedling studies (Kim and Wolyn, 2015; Landry and Wolyn, 

2012). The higher level of freezing tolerance in GM compared to UC after drought stress 

may be caused by contrasting adaptative strategies between cultivars. GM may have 

avoided drought stress through reduced fern growth and crown water concentrations, 

contrasted to UC, which tolerated drought for continued growth through increased 

crown sucrose concentrations. The applied drought stress was mild, as after six weeks 

plants still had green ferns, although they appeared less dense than the control 

(Appendix 1). Differences in drought adaptation between asparagus cultivars has been 

previously described. For example, “Gijnlim” tolerated drought through water-

withholding compared to “Grolim”, which avoided drought stress with greater stomatal 

regulation (Schaller and Paschold, 2009). GM and UC also had similar adaptative 

mechanisms for drought in this study, including increased crown proline concentration 

and the dehydration of ferns. A fall defoliation study by Nolet and Wolyn (2020) also 
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found general increases in proline levels for both rhizome and storage root tissues in a 

dry versus wet year.  

Freezing tolerance was greater for GM compared to UC in the drought followed 

by cold acclimation treatment, whereas no difference was found between cultivars for 

the control followed by cold acclimation treatment. Visually, ferns of UC were greener 

than those of GM in the former treatment, whereas both cultivars yellowed similarly for 

the latter (Appendix 2). Since flats were flushed with water after the drought treatment, 

stress was removed and replaced with well-watered cold acclimating conditions. UC, a 

cultivar typically grown under desert conditions with periods of water withholding 

followed by irrigation (Toledo, 1989), may have reacted to soil flushing as a signal to 

grow despite cold acclimating conditions. This trait may contribute to UC’s poor 

adaptation to Southern Ontario as late fern growth and cold acclimation have been 

associated with both decreased freezing tolerance and longevity in asparagus 

(Panjtandoust and Wolyn, 2016; Landry and Wolyn, 2012). Interestingly, Wilson et al. 

(1996) found a similar response in UC where irrigation during the summer and fall 

negatively impacted spear yields the following season, possibly through causing late 

fern growth.  

Drought followed by cold acclimation appeared to have a synergistic effect on 

root:shoot ratio for GM and glucose concentration for UC. The high glucose 

concentration and low root:shoot ratio in UC crowns may be indicators of increased 

metabolism and growth, respectively, under cold conditions. For example, in faba (Vicia 

faba L.) cotyledons, the most mitotically active cells had the greatest glucose levels, 

compared to the most differentiated cells which contained the lowest glucose 
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concentrations (Borisjuk et al., 1998), and adding glucose to sliced potato can increase 

respiration rates (Geiger et al., 1998). Glucose may have also indirectly impacted 

freezing tolerance through moderating ethylene, as many ethylene biosynthetic 

processes are repressed by glucose (Zhou et al., 1998; Yanagisawa et al., 2003). High 

ethylene levels can increase cold hardiness in peach buds (Pahwa and Ghai, 2015) and 

apple (Wang et al., 2021) trees.  

In this study, plants from the twelve-week control treatment were most likely 

stressed by being root bound, as ferns were visibly yellowed (Appendix 3), and crown 

dry weight was approximately twice that for the six-week control treatment (data not 

shown). This unintentional “stress” treatment was valuable to show how attributing 

changes in one parameter to increases in freezing tolerance should be done with 

caution as cold acclimation can be a multigenic, quantitative trait associated with a 

multitude of different processes (Kazemi-Shahandashti and Maali-Amiri, 2018). For 

example, LT50 was positively correlated with crown LMW, and negatively with HMW 

fructan and water percentage in six-week treatments and not twelve-week treatments. 

These parameters may be indicators of growth cessation, caused by unfavourable 

growing conditions, rather than increased freezing tolerance. For example, in woody 

perennials dormancy is a prerequisite to cold acclimation and the development of 

freezing tolerance (Weiser, 1970). 

Negative correlations between HMW fructan with sucrose, LMW fructan, and 

crown water percentage were observed for both six- and twelve-week treatments. 

These correlations are consistent with Witzel and Matros (2020), who found that 

increased sucrose metabolism in asparagus seedlings was correlated with elevated 
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HMW fructan levels, and field studies where a decrease in LMW fructan and crown 

water percentage was observed as HMW fructans increased for storage roots in the fall 

(Nolet and Wolyn, 2020; Panjtandoust and Wolyn, 2016). In general, LMW fructans 

constitute the majority of crown fructans observed in this study even under cold 

acclimating conditions, which was similar to previous fructan composition analysis 

studies in field grown asparagus (Suzuki et al., 2011, Shiomi, 1992).  

The decrease in crown sucrose concentrations in 10-week-old seedlings 

acclimated for six weeks compared to controls was unexpected as previous seedling 

studies generally found the opposite affect (Kim and Wolyn, 2015; Landry and Wolyn, 

2012). Seedlings in this experiment were sown in early March, compared to early May, 

thus, seasonal changes in greenhouse irradiance may have impacted the physiological 

state of plants used in this study. Interestingly, plants from the twelve-week cold 

acclimation treatments accumulated high levels of sucrose, suggesting that age may 

have impacted sucrose metabolism and the cold acclimation process.  

 In summary, the interaction between drought and cold acclimation was confirmed 

in asparagus. Drought stress alone caused GM to have a greater freezing tolerance 

than UC and was correlated with increased root:shoot ratio and decreased crown water 

percentage in GM, and elevated sucrose concentration in UC. Drought followed by cold 

acclimation led to decreased freezing tolerance in UC compared to GM, which was 

correlated with a decreased root:shoot ratio and high crown glucose levels in UC.  

In this study, polyethylene glycol 6000 (PEG6000) was chosen to mimic drought 

stress by binding water molecules and gradually inducing an osmotic stress in sand 

culture (Blum, 2008; Xu and Huang, 2010). This method was chosen, as water 
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withholding in potted plants may develop deficits faster than drought under field 

conditions, and other methods such as time-domain reflectometry (Topp and Davis, 

1985) and gravimetric (Earl, 2003) can be difficult to impose and costly when thousands 

of plants are studied. Future research into the effects of drought stress in asparagus 

could examine the impact of a severe drought, causing complete die-back of ferns, on 

the acquisition of freezing tolerance and related metabolites.  
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Chapter 4: Effects of decreasing daylength on cold 

acclimation of Asparagus officinalis seedlings 

4.1  Abstract 

 Cold acclimation is a vital process for surviving sub-zero temperatures in 

asparagus (Asparagus officinalis L.). A cold-adapted cultivar “Guelph Millennium” (GM) 

has been shown to cold acclimate, senesce and develop freezing tolerance earlier in the 

fall compared to “UC157”, a cultivar grown in warm climates. Decreasing photoperiod can 

be used by both woody and herbaceous perennials to induce timely senescence and 

freezing tolerance, although its effects on asparagus are unclear. The objectives of this 

research were to determine if decreasing photoperiods are important for inducing freezing 

tolerance in asparagus, and whether photoperiod acts synergistically with cold 

temperatures. Seedlings of GM and UC were subjected to four treatments: constant or 

decreasing photoperiods with either warm or cold acclimating temperatures. Decreasing 

daylengths did not impact the acquisition of freezing tolerance under warm or cold 

acclimating conditions. Decreasing photoperiod with cold temperatures diminished 

root:shoot ratio and increased crown water percentage in UC, whereas GM was not 

affected. Acclimation under decreasing photoperiods and warm conditions caused 

elevated crown total and high molecular weight (HMW) fructan, and decreased glucose 

and proline concentrations in GM compared to UC. Metabolite partitioning in late summer, 

prior to cold temperatures, may be a contributing factor to the timely senescence and cold 

acclimation seen in GM compared to UC. 
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4.2 Introduction 

Asparagus (Asparagus officinalis L.) is an herbaceous perennial that is grown in 

a variety of diverse climates. To remain productive over the crop’s lifetime, which may 

be 15 to 20 years (Haynes, 1987), cultivars must be well adapted to the environment in 

which they are grown. In Southern Ontario, one of the coldest temperate climates where 

asparagus is cultivated, cultivars must be able to withstand early fall freezing events 

and cold winters. 

Freezing tolerance is induced by cold acclimation which stabilizes membranes 

and protects vital cellular components (Steponkus, 1984). A multigenic, quantitative 

trait, cold acclimation is associated with many processes including changes in 

membrane composition, cell compartmentalization, metabolism, antioxidant activity, 

osmotic adjustments, and production of primary and secondary metabolites (Kazemi-

Shahandashti and Maali-Amiri, 2018). Increased concentrations of crown proline, 

sucrose, and high-molecular-weight fructans, and dehydration of the crown have been 

previously correlated with increased freezing tolerance in asparagus seedling studies 

(Kim and Wolyn, 2015; Landry and Wolyn, 2012). 

 In Southern Ontario, “Guelph Millennium” (GM), a locally bred cultivar with high 

longevity, cold acclimates and induces freezing tolerance earlier under field conditions 

in the fall compared to “UC157” (UC), a California-bred desert cultivar that typically dies 

after three to four years (Panjtandoust and Wolyn, 2016). Interestingly, freezing 

tolerance in late fall does not differ between GM and UC, suggesting that timely cold 

acclimation in the fall may be important for adaptation in Southern Ontario. In temperate 

climates timely induction of dormancy may be achieved through photoperiodic control. 
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Decreasing daylengths are known to initiate endodormancy during late summer/early 

fall and be a key component of cold acclimation in woody perennials including poplar, 

and specific grape, dogwood and silver birch cultivars (Li et al., 2003; Pearce, 2004; 

Horvath, 2009). Evidence of daylength perception resulting in increased freezing 

tolerance in herbaceous perennials is limited. In alfalfa, photoperiod genes control the 

partitioning of photosynthates to the roots at the end of the growing period, and short 

photoperiods can cause increased freezing tolerance in winter dormant varieties 

(Teixeira et al., 2008; Bertrand et al., 2017).  

Daylength may have an impact on cold acclimation in asparagus through carbon 

partitioning and dormancy induction. Both Sudjatmiko et al. (1997) and Woolley et al. 

(1999) observed increased carbon partitioning to the crowns of field-grown asparagus in 

late summer, which may have been caused by decreasing daylengths. Using growth 

chambers, Woolley et al. (2002) found an abrupt increase in dry matter partitioning to 

the roots, and reduced fern production when the photoperiod declined from 15.5 h to 14 

h under warm temperatures. Further decreases in photoperiod caused the increase in 

partitioning to stop.  

Other asparagus studies indicate that photoperiod may not be used as a major 

signal in cold acclimation and dormancy. Yamaguchi (2012) conducted a field study with 

one-year-old plants subjected to either natural daylengths, or 8 h short days, and found 

short day conditions did not induce dormancy. Kim and Wolyn (2015), grew 10-week-old 

asparagus seedlings under chilling (7 °C) or warm temperatures (23 °C) with either a 

constant 8 h or 16 h photoperiod in growth chambers comparing cultivars GM, UC and 

“Jersey Giant”. In general, photoperiod was found to have no effect after six weeks on 
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acquiring freezing tolerance. The extreme daylengths, 16 h and 8 h, used in the study 

do not reflect the natural decline in daylength experienced in the summer to fall 

progression in Southern Ontario where photoperiod peaks at ~15.5 h in late-June and 

decreases to ~14 h in mid-August, ~11.5 h in early-October, and 9 h at the winter 

solstice in December.  

  The objective of this study was to determine the effects of a decreasing 

daylength, similar to natural late-summer daylengths in Southern Ontario, and its 

interaction with mild cold-acclimating temperatures, on the development of freezing 

tolerance in asparagus. Decreasing daylengths and cold temperatures were predicted 

to reduce growth, increase concentrations of cryoprotective compounds, and act 

synergistically. 

4.3 Materials and Methods 

4.3.1 Plant Culture 

Sixteen “cone-tainer” flats (SC10, Stuewe and Sons Inc.; Corvallis, OR) each 

with 96 cells (164 mL volume) were filled with a peat-based soilless mix (Sunshine LC1, 

SunGro Horticulture Canada Ltd., Seba beach, AB). Seeds for “UC157” (UC) were 

obtained from Walker Brothers (Pittsgrove, New Jersey) and “Guelph Millennium” (GM) 

from Fox Seeds (Simcoe, Ontario). After imbibing seeds in water at room temperature 

for one day, one seed was planted per cone-tainer. In each tray, 49 plants for each 

cultivar were established as split-plots. Replicate experiments were planted on 8 April 

2019 and 7 April 2020.  
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Eight random trays were placed in each of two replicate greenhouse zones. 

Plants were grown at 23/18 °C (day/night), under natural light conditions supplemented 

with 16 h photoperiod from halogen lighting with a PPFD of ~80 µmol m-2 s-1. Plants 

were watered with de-ionized (DI) water as needed. A full-strength modified Hoagland’s 

solution (PhytoTechnology Laboratories, Product ID: H353), pH of 6.5 was applied bi-

weekly until saturation for fertilization. 

4.3.2 Growth Chamber Treatments 

Ten-week-old seedlings were subjected to four treatments (Table 4.1). Four 

randomly chosen flats were placed into each of two “warm” growth chambers at 

constant 23 °C and 60 % relative humidity and two “cold” growth chambers at constant 

11 °C and 60 % relative humidity. All growth chambers initially had a 15.5 h photoperiod 

provided by alternating strips of fluorescent lights and far-red LED bulbs with a total 

PPFD of 300 µmol m-2 s-1 measured 56 cm from the bottom of the flat. One warm and 

one cold growth chamber were randomly chosen for the decreasing photoperiod 

treatment (Table 4.1; #3 and 4), whereas the remaining warm and cold chamber 

maintained a constant photoperiod (#1 and 2). Daylengths were shortened by 15 min 

(minus 15 min alternating from morning and evening) every five days, continuing for the 

entire five-week duration of the experiment. Plants were watered as needed with 

distilled water. At the end of each five-week treatment, plants were analyzed for 

metabolites, physiological parameters and LT50. 
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Table 4.1 Summary of treatments applied to 10-week-old seedlings.  

Treatment No. Photoperiod and Temperature Abbreviation Duration 

1 15.5 h, 23 °C C/W 5 wk 

2 15.5 h, 11 °C C/C 5 wk 

3 15.5 h → 14 h, 23 °C D/W 5 wk 

4 15.5 h → 14 h, 11 °C D/C 5 wk 
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4.3.3 Sampling and LT50 

Crowns from seven randomly chosen seedlings in each flat were bulked for 

metabolite analyses as described below. The remaining 42 plants, per cultivar, in each 

flat were used for LT50 analysis. Ferns were removed three centimeters above the soil, 

and one replicate flat for each treatment was placed randomly into each of four freezers. 

Temperature was maintained at 3 °C for 2 h then lowered to 0 °C for 24 h. Additional 

freezing treatments of -3, -6, -9, -12, -15 °C were reached by decreasing the freezer 

temperature by 3 °C h-1 and maintaining for 24 h. A Hobo thermocouple (Pocasset, MA) 

inserted 2.5 cm below the soil surface was used to monitor soil temperature changes. 

After each freezing treatment (0 °C to -15 °C), seven random plants for each cultivar 

replicate were thawed at 4 °C for 24 h and two replicates per treatment were placed in 

each of two greenhouse zones and watered with DI water as needed. After 4 wk plants 

were rated as dead or alive to estimate LT50 values.  

4.3.4 Tissue Preparation and metabolite/physiological analysis 

 Refer to previously described methods for sample preparation and the 

measurement of fresh/dry weight (Section 3.3.4), and determination of proline (3.3.5), 

sucrose/glucose (3.3.6), and fructan (3.3.7) concentrations. 

4.3.5 Statistical Analysis 

Data analyses were conducted with SAS version 9.4 (SAS Institute, Cary, NC, 

USA). A split-plot design was used, such that treatments served as whole-plots, and 

cultivars (GM, UC) were sub-plots. In 2019, both warm chambers (Table 4.1; C/W and 

D/W) had fern die-back occurring at approximately two weeks into the five-week 

treatment from a thrip infestation. Plants were treated with beneficials, and ferns 
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recovered. Therefore, warm treatments were analyzed as independent completely 

randomized block designs where the least square means (LSM) of each cultivar were 

compared using a Tukey test. Cold chambers were combined across years, as the 

effect of year, treatment*year and the interaction with cultivar were non-significant. The 

simple effects of treatment and variety were analyzed using the “slicediff” option with a 

Tukey’s Honestly Significant Difference (HSD) adjustment (P≤0.05). Studentized 

residual plots were analyzed for homogeneity, and normality was tested using a 

Shapiro-Wilk test with PROC UNIVARIATE. Restricted maximum likelihood (REML) 

covariance parameter estimates were performed on parameters using PROC GLIMMIX. 

PROC CORR was used to generate correlation coefficients between analyzed 

variables, and LT50 was predicted using PROC PROBIT. 

4.4 Results 

4.4.1 Statistical Analysis 

No variation in LT50 was apparent for both warm treatments (C/W and D/W) in 

2019, and therefore they were omitted from analysis. The fixed effect of cultivar was 

significant in cold treatments for LT50, LMW fructan and HMW fructan concentrations, 

and crown water percentage. The fixed effects of treatment and cultivar*treatment were 

non-significant for all parameters.  

4.4.2 Freezing Tolerance 

 Decreasing photoperiod at cold temperatures had no effect on the acquisition of 

freezing tolerance in both cultivars (Fig. 4.1A). GM had lower LT50 values (increased 

freezing tolerance) compared to UC for the constant 15.5 h or decreasing 15.5 to 14 h 

photoperiod at cold temperatures by approximately 1 °C. Cultivars did not differ under 
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warm temperature treatments in 2020 (Fig. 4.1B) and LT50 values appeared higher for 

the warm treatment compared to cold (Fig. 4.1A and B).   

4.4.3 Physiological Parameters 

 Root:shoot ratio declined only for UC with decreasing, compared to constant 

photoperiod, under cold conditions; values for GM did not change and cultivars did not 

differ for either treatment (Fig. 4.2A). Cultivars did not differ under warm temperatures 

(Fig. 4.2B), however values appeared lower under warm, compared to cold conditions 

(Fig. 4.2A and B). Fern water percentage did not differ between cultivars for photoperiod 

treatments in either cold or warm conditions (Fig. 4.2C and D). 

For UC, crown water percentage was greater under decreasing, compared to 

constant photoperiod, under cold conditions by 1.25 %; values for GM did not change 

(Fig. 4.2E). UC had greater crown water percentage than GM for the decreasing 

photoperiod treatment in cold. Crown water percentage appeared to be greater in 2019 

compared to 2020 for both the constant and decreasing photoperiod under warm 

conditions (Fig. 4.2F). GM had decreased water percentage compared to UC for both 

photoperiod treatments in 2020 (Fig. 4.2F). 
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Fig 4.1 LT50 of asparagus cultivars Guelph Millennium (GM), and UC157 (UC). (A) represents 
plants grown for five weeks under constant 15.5 h photoperiod and cold (11 °C) temperatures 
(C/C) and decreasing 15.5 to 14 h photoperiod with cold temperatures (D/C). Data were pooled 
over years (2019 and 2020). Error bars represent ±SE, n=8. Upper- and lower-case letters denote 
differences between treatments within cultivar determined by Tukey’s HSD test at P≤0.05. 
Differences between cultivars within treatments were determined by Tukey’s HSD test at P≤0.05. 
(B) represents plants grown for five weeks under constant photoperiod and warm (23 °C) 
temperatures (C/W) and decreasing photoperiod and warm temperatures (D/W) in 2020 only. 
Error bars represent ±SE, n=4. The significance of cultivar within each treatment individually was 
determined by Tukey test at P≤0.05. Significance is denoted by P≤0.05; *, P≤0.01; **, P≤0.001; 
***. 
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Fig 4.2 Root:shoot ratio (A,B), fern water percentage (C,D), crown water percentage (E,F) of 
asparagus cultivars Guelph Millennium (GM), and UC157 (UC). (A,C,E) represents plants grown 
for five weeks under constant 15.5 h photoperiod and cold (11 °C) temperatures (C/C) and 
decreasing 15.5 to 14 h photoperiod with cold temperatures (D/C). Data were pooled over years 
(2019 and 2020). Error bars represent ±SE, n=8. Upper- and lower-case letters denote differences 
between treatments within cultivar determined by Tukey’s HSD test at P≤0.05. Differences 
between cultivars within treatments were determined by Tukey’s HSD test at P≤0.05. (B,D,F) 
represents plants grown for five weeks under constant photoperiod and warm (23 °C) 
temperatures (C/W) and decreasing photoperiod and warm temperatures in 2019 and 2020. Error 
bars represent ±SE, n=4. The significance of cultivar within each treatment individually was 
determined by a Tukey test at P≤0.05. Significance is denoted by P≤0.05; *, P≤0.01; **, P≤0.001; 
***. 
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4.4.4 Metabolites 

 Under cold conditions, total fructan concentrations did not differ between cultivars 

or photoperiod treatments (Fig. 4.3A). Under warm conditions GM had elevated fructan 

levels compared to UC by approximately 15 % in 2020 for the decreasing photoperiod 

treatment (Fig. 4.3B). Total fructan levels in warm treatments appeared lower in 2019 

compared to 2020 (Fig. 4.3B).  

 LMW fructan concentrations were greater for UC than GM across cold treatments 

but the effect of variety within treatment, and treatments within variety were 

nonsignificant (Fig. 4.3C). Cultivars responded similarly for warm treatments in 2019 

and 2020 (Fig. 4.3D). Under cold conditions photoperiod treatment did not affect high 

molecular weight fructan concentration in both cultivars, however values were greater 

for GM than UC (Fig. 4.3E). For the decreasing photoperiod and warm treatment in 

2020, the HMW fructan concentration for GM was greater than that for UC by 

approximately 40 % (Fig. 4.3F). HMW fructan concentrations appeared lower for warm, 

compared to cold conditions (Fig. 4.3E and F).   

 Proline, sucrose, and glucose concentrations did not differ between cultivars or 

photoperiod treatments under cold conditions (Fig. 4.4A,C,E). Crown proline and 

glucose concentrations were greater in UC compared to GM by approximately 50 and 

100 % respectively in 2020 for plants grown with a decreasing photoperiod under warm 

conditions (Fig. 4.4B and F). Sucrose concentration was greater for UC compared to 

GM for the constant photoperiod treatment under warm conditions in 2019 (Fig. 4.4D). 

 



 
 

69 
 

 

Fig 4.3 Total crown fructan (A,B), low-molecular-weight fructan (C,D), and high-molecular-

weight fructan (E,F) concentrations of asparagus cultivars Guelph Millennium (GM), and UC157 

(UC). (A,C,E) represents plants grown for five weeks under constant photoperiod and cold (11 

°C) temperatures (C/C) and decreasing photoperiod with cold temperatures (D/C). Data were 

pooled over years (2019 and 2020). Error bars represent ±SE, n=8. Upper- and lower-case 

letters denote differences between treatments within cultivar determined by Tukey’s HSD test at 

P≤0.05. Differences between cultivars within treatments were determined by Tukey’s HSD test 

at P≤0.05. (B,D,F) represents plants grown for five weeks under constant photoperiod and warm 

(23 °C) temperatures (C/W) and decreasing photoperiod and warm temperatures in 2019 and 

2020. Error bars represent ±SE, n=4. The significance of cultivar within each treatment 

individually was determined by a Tukey test at P≤0.05. Significance is denoted by P≤0.05; *, 

P≤0.01; **, P≤0.001; ***. 
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Fig 4.4 Crown proline (A,B), sucrose (C,D), and glucose (E,F) concentrations of asparagus 
cultivars Guelph Millennium (GM), and UC157 (UC). (A,C,E) represents plants grown for five 
weeks under constant photoperiod and cold (11 °C) temperatures (C/C) and decreasing 
photoperiod with cold temperatures (D/C). Data were pooled over years (2019 and 2020). Error 
bars represent ±SE, n=8. Upper- and lower-case letters denote differences between treatments 
within cultivar determined by Tukey’s HSD test at P≤0.05. Differences between cultivars within 
treatments were determined by Tukey’s HSD test at P≤0.05. (B,D,F) represents plants grown for 
five weeks under constant photoperiod and warm (23 °C) temperatures (C/W) and decreasing 
photoperiod and warm temperatures in 2019 and 2020. Error bars represent ±SE, n=4. The 
significance of cultivar within each treatment individually was determined by a Tukey test at 
P≤0.05. Significance is denoted by P≤0.05; *, P≤0.01; **, P≤0.001; ***.  
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Table 4.2 Pearson correlation coefficients between metabolic and physiological parameters 

analyzed for asparagus cultivars Guelph Millennium (GM) and UC157 (UC) after five weeks of 

constant photoperiod and warm temperatures (C/W), decreasing photoperiod and warm 

temperatures (D/W), constant photoperiod and cold temperatures (C/C), and decreasing 

photoperiod with cold temperatures (D/C). Data represents combined data from both years 2019 

and 2020 (# of observations= 64). LT50 correlations did not include 2019 warm treatment data (# 

of observations= 48). 
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4.4.5 Correlations  

 LT50 was correlated with all parameters except sucrose and glucose 

concentrations (Table 4.2). Crown water percentage, crown proline, HMW fructan, and 

root:shoot ratio were highly correlated with one another. 

4.5 Discussion 

Overall photoperiod had no impact on the acquisition of freezing tolerance, 

although certain parameters previously correlated with cold tolerance and dormancy 

were altered under a decreasing photoperiod. Cold temperatures induced greater 

freezing tolerance for GM compared to UC regardless of photoperiod. A decreasing 

photoperiod under cold conditions increased crown water percentage and decreased 

root:shoot ratio compared to a constant photoperiod for UC, whereas GM maintained 

similar levels under both treatments. Decreasing photoperiods under warm conditions in 

2020 induced a cultivar specific response, whereby crown total and HMW fructan 

concentration were increased, and proline and glucose concentrations were decreased 

in GM compared to UC.    

There have been numerous cold acclimation studies in asparagus under 

controlled conditions. While the acclimation regimens vary, the temperature of 11 °C 

used in this study, was warmer compared to previous asparagus seedling studies of 

similar duration (Landry and Wolyn, 2012; Kim and Wolyn, 2015). In this study the 

magnitudes of freezing tolerance induction and cultivar differences were less than those 

observed by Kim and Wolyn (2015). Temperatures previously found to induce fern 

senescence in asparagus are 2 to 15 °C, with optimal temperatures ranging from 5 to 

12 °C (Krug, 1996; Pressman et al., 1989). Interestingly, GM had greater freezing 
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tolerance compared to UC in both photoperiod treatments under cold conditions, 

suggesting temperature is the main signal inducing freezing tolerance and that GM cold 

acclimates more effectively than UC after exposure to cold temperatures. Similarly, in 

field grown asparagus GM had enhanced freezing tolerance compared to UC in early 

October as average air temperatures generally drop below 15 °C in Southern Ontario 

(Panjtandoust and Wolyn, 2016).  

Both crown water percentage and root:shoot ratios were highly correlated with 

freezing tolerance and appeared to decrease and increase, respectively, under cold 

versus warm conditions regardless of cultivar. Decreased root:shoot ratio and increased 

crown water percentage in UC was observed under decreasing compared to constant 

photoperiods under cold acclimation, whereas GM was unaffected. Consequently, UC 

did not reach the same level of dormancy as GM under decreasing photoperiods. It 

could be possible that UC, bred at the University of California, responded to the 

decreasing photoperiod as a signal to grow as a daylength of 14 h corresponds to the 

start of August in California where peak-high temperatures occur. In Southern Ontario, 

where GM was developed, a daylength of 14 h corresponds to mid-August where 

temperatures on average start to decline. Interestingly, GM seemed insensitive to 

decreasing daylengths under cold conditions and responded to all measured 

parameters similarly. 

Decreases in photoperiod may be used by the plant to alter metabolism prior to 

senescence and freezing tolerance development. In this study, metabolic changes were 

observed under decreasing photoperiods and warm temperatures in 2020, such that 

GM had higher total and HMW fructan, and decreased glucose and proline crown 
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concentrations compared to UC. The cultivars, however, did not differ for freezing 

tolerance. In this study, and others with asparagus seedlings, HMW fructan and proline 

crown concentrations have been generally correlated with increased freezing tolerance 

(Kim and Wolyn, 2015; Landry and Wolyn, 2012). Interestingly, Kim and Wolyn (2015) 

found that HMW fructans increased only for GM, not UC, under a warm/short day 

treatment compared to the respective untreated control and freezing tolerances were 

similar. In addition, when the warm/short day treatment was then subjected to an 

additional subfreezing treatment, GM gained freezing tolerance whereas UC did not. 

The increase in HMW fructan concentration in crowns could be a necessary step in cold 

acclimation, allowing efficient acquisition of freezing tolerance once cold temperatures 

are present, while not being directly responsible for enhanced freezing tolerance. 

Decreasing daylengths may prime plants through metabolic adjustment to cold 

acclimate effectively once cold temperatures are present. The development of freezing 

tolerance in alfalfa is generally attributed to increased crown sucrose, raffinose, and 

decreased starch levels (Castonguay et al., 1995). In a study by Bertrand et al. (2017), 

alfalfa previously grown under 14 h daylengths, then cold acclimated, had elevated 

crown total soluble sugar and sucrose concentrations compared to plants previously 

grown under 16 h daylengths. In addition, raffinose family oligosaccharides were 

elevated in plants grown under 8, 10 and 12 h photoperiods followed by cold 

acclimation, compared to 14 and 16 h in one of two cultivars tested. Future studies 

should compare asparagus seedlings grown under both constant and decreasing 

photoperiods in warm conditions, followed by a period of cold acclimation to determine if 

a priming effect exists. 
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Fern die-back and regrowth occurring for both photoperiod treatments grown 

under warm conditions in 2019 most likely caused general decreases in total, LMW, and 

HMW fructan concentrations and increased crown water percentage compared to 2020. 

Similar metabolic changes were found after defoliation in mid-August of asparagus in 

both rhizome and storage roots in a field study (Nolet and Wolyn, 2020). Damage and 

regrowth of ferns in this study may have masked any metabolic changes between 

cultivars caused by decreasing daylengths in 2019. It should be noted that warm 

acclimation treatments in both years were not replicated in multiple growth chambers. 

Therefore, the effect of treatment within cultivar could not be tested and further 

experiments to rule out a growth chamber effect are warranted.  

In conclusion, GM had a greater freezing tolerance compared to UC under cold 

acclimation and photoperiod had no effect. A photoperiod effect under cold conditions 

was observed where crown water percentage was elevated and root:shoot ratio was 

reduced in UC. Decreasing photoperiods under warm temperatures did not appear to 

impact freezing tolerance and caused crown metabolite changes between cultivars in 

2020, which could be evidence of priming for the acquisition of freezing tolerance.  
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Chapter 5: General Discussion 

The complex interaction of drought and decreasing photoperiods on the cold 

acclimation process were examined in this study through the measurement of freezing 

tolerance and associated physiological and metabolic parameters. Drought stress, 

including when followed by cold acclimating conditions, caused GM to have increased 

freezing tolerance relative to UC. Increased freezing tolerance was correlated with low 

sucrose concentration, high root:shoot ratio, and a low crown water percentage for the 

drought treatment, and low glucose and a high root:shoot ratio for the drought followed 

by cold acclimation treatment. High- and low-molecular-weight crown fructan 

concentrations were similar under drought stress and drought followed by cold 

compared to their respective controls. Decreasing photoperiods did not impact the 

acquisition of freezing tolerance, although under cold conditions UC had a reduced 

root:shoot ratio and elevated crown water percentage compared to the constant 

photoperiod treatment, and GM did not respond. Decreasing photoperiods under warm 

conditions resulted in GM having greater total and high-molecular-weight fructan 

concentrations compared to UC, as well as decreased proline and glucose 

concentrations.  

 Glucose can impact many physiological processes in plants including growth, 

senesce, carbon/nitrogen metabolism, and can interact with various PGRs (plant growth 

regulators) such as auxins, cytokinins, ABA and ethylene (Siddiqui et al., 2020). For 

example, exogenously applied glucose can alleviate drought stress symptoms in wheat 

seedlings by allowing increased photosynthesis and root growth, and high 

concentrations of proline and soluble sugars to accumulate in leaves (Hu et al., 2009). 
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In addition, ethylene production and senescence can be suppressed when glucose is 

applied to petunia flowers (Kakhki et al., 2009). In previous studies using asparagus 

seedlings, glucose concentration did not change with cold acclimation (Kim and Wolyn, 

2015) and levels were not correlated with freezing tolerance (Landry and Wolyn, 2012). 

In field-grown asparagus, rhizome glucose concentrations generally increased whereas 

storage root concentrations decreased in the fall (Panjtandoust and Wolyn, 2016). In the 

drought experiment, drought followed by cold acclimation appeared to have a 

synergistic effect on increasing glucose concentration for UC whereas GM did not 

respond. In the photoperiod experiment, glucose concentrations were greater for UC 

than GM when plants were grown under a decreasing photoperiod and warm 

temperatures in 2020. High glucose concentrations could be an indicator of a multitude 

of changes within the crown, including increased metabolism and PGR changes, 

therefore further research is needed to understand the role of glucose in the control of 

dormancy and induction of freezing tolerance in asparagus.  

The accumulation of high-molecular-weight (HMW) fructan in crowns has been 

correlated with cold acclimation and enhanced freezing tolerance in asparagus (Kim 

and Wolyn, 2015; Landry and Wolyn, 2012) and grass species such as perennial 

ryegrass (Abeynayake et al., 2015) and annual bluegrass (Dionne et al., 2010). HMW 

fructan concentrations were negatively correlated with LT50 for the six-week drought 

experiment treatments, similar to the results of Kim and Wolyn (2015) for cold 

acclimation, whereas the traits were not correlated for twelve-week treatments. The 

separation of LMW and HMW fructans through ethanol/water extraction used in this 

study is cursory, as the abundance of different fructan types and lengths could not be 
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determined or confirmed. Detecting levels of specific fructan polymers through the use 

of methods such as HPLC (high performance liquid chromatography) and MALDI-TOF 

MS (matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry) would 

add to the understanding of fructan metabolism in asparagus under stress and could 

explain why HMW fructan levels were not always correlated with freezing tolerance in 

this study. Another area for future research could be measuring fructan levels in specific 

tissues/organs under stress, as concentrations of different sized fructans have been 

shown to differ across the cross-sectional area of asparagus storage roots (Witzel and 

Matros, 2020). In addition, levels of enzymes, such as fructosyltransferases, 

responsible for fructan metabolism could be measured.   

Interestingly, in the experiment studying synergism between cold and drought, 

cold acclimating treatments caused UC crowns to accumulate higher concentrations (8-

10 mg g-1) of proline compared to GM (5-7 mg g-1) and controls (~1 mg g-1). In a 

previous asparagus seedling assay by Kim and Wolyn (2015), cold acclimated GM 

plants were found to accumulate very high concentrations of crown proline (~25 mg g-1), 

more than twice that of cold-acclimated UC (~10 mg g-1) and non-acclimated controls 

(~5 mg g-1). Concentrations were generally less in this study although differences 

between treatments were higher in magnitude. These differences may have occurred 

due to differing proline extraction methods or acclimation treatments. For example, Kim 

and Wolyn (2015) acclimated plants under constant 7 °C conditions compared to the 

10/5 °C day/night temperatures used in this study. The low of 5 °C may have caused a 

cold hypersensitivity response in UC causing accumulation of crown proline. For 

example, in the leaves of salt-stressed rice and two sorghum varieties, proline 
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accumulation was thought to be a sign of injury, not an adaptation to increased salt 

tolerance (Lutts et al., 1999; de Lacerda et al., 2003). Proline levels in the experiment 

studying decreasing photoperiod were similar between cultivars for the cold acclimation 

treatments under constant 11 °C conditions. Varietal differences in proline concentration 

may be dependent on temperatures colder than 11 °C and/or cold acclimation 

treatments longer than five-weeks. 

Future research into the effects of drought stress in asparagus could examine the 

impact of a severe drought, causing complete die-back of ferns, on the acquisition of 

freezing tolerance and related metabolites. In addition, confirmation of the results found 

here with a drought method other than PEG6000, and field grown plants would be 

valuable. An experiment where plants are grown under decreasing photoperiods and 

warm temperatures then moved to cold acclimating temperatures would be valuable to 

see if a photoperiod “priming” effect exists in asparagus. Also, performing an 

experiment similar to Li et al. (2003) would be interesting to see whether critical 

photoperiods for growth cessation differ for different asparagus varieties. 
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APPENDICES 
 

 

Appendix 1: Representative photos of asparagus plants after six weeks under control 

conditions (A) or drought stress (B). Photos were taken in 2019. 

 

 

Appendix 2: Representative photos of asparagus plants from twelve-week treatments; 

cold acclimating conditions (A), or previously drought stressed then cold acclimated 

conditions (B and C). Photo (B) highlights the green ferns of UC and (C) shows the fully 

senescent ferns of GM. Photos were taken in 2019. 
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Appendix 3: Representative photos of asparagus plants after twelve-week control 

conditions. (A) shows whole flats, (B) yellowed and stressed ferns, (C) emerging shoots. 

Photos were taken in 2019. 
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Appendix 4. Summary table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC, with three treatments (control, drought, cold), and four blocks within each of 2 years, n=48.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 df LT50 Proline Sucrose  Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Treatment 2 0.0287 <.0001 0.0005 0.2055 0.0347 0.0005 0.0005 0.0003 <.0001 0.0038 

Cultivar 1 <.0001 0.0038 0.2152 0.3971 0.0523 0.4338 0.0042 0.0211 0.0014 0.0003 

Treatment*Cultivar 2 0.0001 0.2119 0.3846 0.0159 0.2922 0.0939 0.0047 0.1112 0.3117 0.2988 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Year 1 0.2635 0.5312 0.2965 0.0520 0.1734 0.1508 0.6741 0.1629 0.7310 0.1570 

Chamber(Year) 6 0.0876 0.4436 0.4204 0.5386 0.3027 1.0000 0.5222 0.3424 0.0528 0.0314 

Chamber*Treatment(Year) 12 0.5272 0.4364 0.4173 0.5387 1.0000 0.1374 0.3631 0.3428 0.7310 0.1787 
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Appendix 5. Summery table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC, with three treatments (con, con/col, dro/col), and four blocks within each of 2 years, n=48. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 df LT50 Proline Sucrose  Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Treatment 2 0.0068 <.0001 0.0037 0.1929 0.1408 0.3636 0.6769 0.0658 0.4130 0.3635 
 

Cultivar 1 0.0012 <.0001 0.0347 0.0001 0.4687 0.0006 0.0003 0.0188 0.5994 0.0128 

Treatment*Cultivar 2 0.3224 <.0001 0.9115 0.0007 0.5220 0.1407 0.5192 0.0331 0.0488 0.0010 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Year 1 0.1770 0.0642 0.4027 0.0656 0.0510 0.5411 0.0876 1.0000 0.2105 0.1083 

Chamber(Year) 6 0.2886 1.0000 0.1161 0.1200 0.3452 0.3581 0.3396 0.2732 0.0119 0.4108 

Chamber*Treatment(Year) 12 1.0000 1.0000 0.3452 1.0000 0.6911 0.5332 1.0000 0.5467 0.3482 0.4108 
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Appendix 6. Summary table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC, with two treatments (C/C, D/C). Each treatment was replicated once across each of 2 years, n=32. 

 

 

 df LT50 Proline Sucrose  Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Treatment 1 0.8775 0.8064 0.5104 0.2930 0.0684 
 

0.5981 0.8625 0.4084 0.6472 0.2063 

Cultivar 1 0.0004 0.8008 0.4016 0.2716 0.8467 0.0451 0.0011 0.8340 0.6978 0.0069 

Treatment*Cultivar 1 0.6865 0.2162 0.3045 0.6822 0.7452 0.6240 0.6207 0.1597 0.3315 0.4257 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Year 1 0.8074 0.3850 0.0529 0.0536 0.1150 0.8160 0.1398 0.9839 0.2002 0.7557 

Year*Treatment 1 0.3236 0.2394 0.0529 0.3621 0.0542 0.8160 0.0781 0.6916 0.2002 0.7950 
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Appendix 7. Summary table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC grown under 15.5 h daylength and warm temperatures in 2019, n=8. 

 

 df LT50 Proline Sucrose Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Variety 1 - 0.2136 0.0141 0.4628 0.1550 0.1280 0.1070 0.1307 0.2704 0.3730 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Block 3 - 0.9740 0.1020 0.4505 0.0552 0.1026 0.0690 0.9900 0.3065 0.4090 

 

 

 

 

 

 

 



 
 

98 
 

Appendix 8. Summary table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC grown under a decreasing 15.5-14 h photoperiod and warm temperatures in 2019, n=8. 

 

 df LT50 Proline Sucrose Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Variety 1 - 0.1660 0.7900 0.6454 0.1508 0.0539 0.2104 0.5304 0.4406 0.6200 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Block 3 - 0.2997 0.0776 0.4254 0.7824 0.8627 0.1716 0.2266 0.1178 1.0000 
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Appendix 9. Summary table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC grown under 15.5 h daylength and warm temperatures in 2020, n=8. 

 

 df LT50 Proline Sucrose Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Variety 1 0.0766 0.7609 0.3989 
 

0.2284 0.1031 0.1412 0.1339 0.5708 0.4476 0.0388 
 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Block 3 0.1660 0.5820 0.2663 0.7668 0.3112 0.2060 0.0530 0.2654 0.4905 0.0376 
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Appendix 10. Summery table of degrees of freedom (df) and REML covariance estimates for asparagus cultivars GM and 

UC grown under a decreasing 15.5-14 h photoperiod and warm temperatures in 2020, n=8. 

 

 df LT50 Proline Sucrose Glucose Fructan 
(total) 

Fructan 
(LMW) 

Fructan 
(HMW) 

Root:Shoot Fern 
%H2O 

Crown 
%H2O 

Fixed Effect  Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F Pr > F 

Variety 1 0.2066 0.0388 0.1006 0.0301 0.0214 0.1417 0.0158 0.9549 0.1513 0.0010 

Random Effect  Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Pr>  
ChiSq        

Pr> 
ChiSq        

Pr> 
ChiSq        

Block 3 0.0014 0.4483 0.4478 0.4907 0.2616 0.9880 0.1430 0.3793 0.4134 0.1050 

 


