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ABSTRACT 

 

FREEZING, TOLERANCE, METABOLITE PROFILES AND SPRING VIGOR OF 

ASPARAGUS (ASPARAGUS OFFICINALIS) AFTER AUTUMN DEFOLIATION IN 

SOUTHERN ONTARIO 
 

Nicholas Nolet              Advisor: 

University of Guelph, 2021                          Professor David J. Wolyn 

 

Asparagus (Asparagus officinalis L.) acquires freezing tolerance during a period of fall acclimation 

when both photoperiod and temperature decrease. The above-ground vegetation may be important for 

sensing changing environmental conditions. Defoliation experiments were conducted over two years by 

removing fern throughout the fall, and evaluating crown metabolites and freezing tolerance at monthly 

intervals. Spring emergence and survival were also assessed in separate experiments. In the first year, 

mid-August defoliation decreased freezing tolerance, which was associated with diminished rhizome 

proline concentration and storage root fructan concentrations. All defoliation treatments in the second 

year increased freezing tolerance, possibly resulting from an interaction between defoliation and 

drought . Defoliation decreased spring vigor in both experiments; the response was proportional to the 

earliness of the treatment . Crowns of plants defoliated in mid-August had increasing proline 

concentrations during the fall suggesting the below-ground organs may have sensed soil temperature to 

cold acclimate
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CHAPTER 1 

 1.1 General Introduction 

  

Asparagus (Asparagus officinalis L.) is a perennial vegetable crop grown for its tender spring 

shoots or spears. Spears elongate and branch to produce a vegetative structure, commonly called ‘fern,’ 

composed of photosynthetic modified stem tissue. The fern undergoes senescence in the fall, leaving 

only the crown, consisting of rhizomes and storage roots, to overwinter. Asparagus fields can be 

productive for 10 to 15 years, making aspects of long-term yield important. Freezing tolerance and 

winterhardiness are likely contributors to the longevity of cultivars adapted to southern Ontario. 

Therefore, the study of these traits can provide useful insights for breeding and selection. 

Asparagus cultivars Guelph Millennium (GM), Jersey Giant (JG) and UC 157 (UC) have 

varying degrees of adaptation to southern Ontario. GM persists for over a decade, JG has yields that 

decline after several growing seasons and UC dies after a few growing seasons (D. Wolyn, personal 

communication, 2015). These three cultivars have been studied in controlled environment and field 

settings to gain an understanding of asparagus winterhardiness.  

Panjtandoust and Wolyn (2016a) found that GM acclimated sooner in the fall and broke 

dormancy later in the spring compared to JG and UC. UC gained freezing tolerance late in the fall and 

broke dormancy, losing freezing tolerance, earliest in spring, while JG showed intermediate patterns. 

This indicates that timely hardening in the fall and release of dormancy and loss of cold tolerance in the 

spring are important components of winterhardiness and may be more important than maximum 

freezing tolerance. Physiological traits correlated with freezing tolerance included high proline, low-

molecular weight fructans (LF) and sucrose concentrations, and low water percentage by weight in the 



 

 

2 

 

rhizome; and high proline and sucrose concentrations and low water percentage and LF concentration 

in the storage roots (Panjtandoust and Wolyn, 2016a). Rhizome traits were suggested to be more 

important for winter survival than those of storage root, as they had higher correlations with LT50 

(Panjtandoust and Wolyn, 2016a; Panjtandoust and Wolyn, 2016b). 

The contribution of the fern to cold acclimation, through fern to crown signaling for timing of 

dormancy induction, remains unknown. In trees, a short photoperiod is an important signal perceived 

by the leaves which triggers dormancy and causes an increase in freezing tolerance (Weiser, 1970). 

Photoperiod regulation of C-repeat Binding Factor (CBF) expression, which induces genes responsible 

for cold tolerance, has been found in Arabidopsis (Lee and Thomashow, 2012). During long days, CBF 

transcription factors were actively repressed by phytochrome B and two phytochrome interacting 

factors; while during short days, CBF expression increased resulting in decreased LT50. This shows a 

direct link between photoperiod and cold acclimation. Asparagus has been shown to respond to short 

days by altering partitioning of carbohydrates (Woolley et al., 2001). Other photoperiodic response in 

asparagus may be occurring including the induction of dormancy which would allow for timely 

acclimation.  

Defoliation of asparagus fern prior to senescence has been investigated both in production and 

breeding settings. Removal of the fern prior to senescence was investigated for the purpose of reducing 

overwintering pathogens in the soil. Autumn defoliation of asparagus in late September decreased yield 

in the following year, while defoliation in early October did not (Kelly and Bai, 1997). In white 

asparagus production, fern removal has been investigated for early application of plastic in the fall prior 

to the spring spear harvest (Feller and Müller, 2017). Plants defoliation in late September had similar 

storage root carbohydrate content as undefoliated plants, but yield in the following spring was not 

measured. In hybrid seed production, green fern is defoliated in the early fall and berries are removed 
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indoors. In subsequent years, seed yield and spring vigor shows a decline (D. Wolyn, personal 

observation, August 2015).  

Defoliation before senescence could be affecting longevity by decreasing the translocation of 

carbohydrates and nitrogen to the crown, resulting in weak regrowth the following season from 

diminished crown storage reserves. Fern defoliation may also be affecting cold acclimation and 

acquisition of freezing tolerance in the crown by disrupting a fern to crown signaling mechanism or 

preventing the translocation of metabolites that have, or are converted to compounds with 

cryoprotective properties.   

Alfalfa harvested for a third time in late summer or early autumn in northern climates in 

Beaverlodge, Alberta (55.13' N lat., 119.26' W long) is susceptible to reduced yields in the following 

year, and winter damage if soil temperatures are sufficiently low (Mckenzie and Mclean, 1980). Alfalfa 

defoliated in September had decreased dry matter percentage and electrical conductivity, indicating 

roots had diminished freezing tolerance (Silkett et al., 1937). In addition, starch, amino acid and 

proteins decreased from a third defoliation (Dhont et al., 2006; Haagenson et al., 2003). Conflicting 

responses of concentrations of sugars to autumn defoliation have been observed with raffinose 

oligosaccharides and sucrose increasing (Dhont et al., 2006) or decreasing (Haagenson et al., 2003). 

Principle component analysis indicated concentrations of  amino acids and storage proteins are 

correlated with spring regrowth, but not winter survival (Dhont et al., 2006). Root transcript levels of 

cold-acclimation response genes suggested plants were able to undergo cold acclimation in the absence 

of the shoot (Haagenson et al., 2003), but reduced transcript levels of cold responsive genes have been 

reported in response to defoliation (Dhont et al., 2006).  

The objectives of this study are to investigate the effects of fern defoliation on the acquisition of 

freezing tolerance and spring regrowth vigor in asparagus, and determine if the loss of vigor in 
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defoliated plants results from: 1) only diminished storage reserves whereby the crowns can cold 

acclimate in the soil environment in the absence of fern; or 2) a combination of diminished storage 

reserves and acquired freezing tolerance. In addition to offering insight into the impact of asparagus 

fern defoliation on productivity, this research will provide new knowledge into the perceptions of 

environmental signals by fern and the crown, and the acquisition of freezing tolerance in herbaceous 

perennials. 

 

Objective 1: Determine the effect of fall fern defoliation at different dates on the acquisition of crown 

freezing tolerance and accumulation of cryoprotective metabolites.  

Hypothesis: Early fall defoliation will reduce or delay cold acclimation of the crown by preventing 

fern to crown signaling and translocation of resources that would aid in cold acclimation.  

 

Objective 2: Correlate fern defoliation date with plant vigor, by measuring fern growth in the 

subsequent growing season.  

Hypothesis:  Autumn defoliation will cause weakened spring regrowth by preventing translocation of 

resources that are used in the spring and by increased winter damage from impaired cold acclimation.  
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LITERATURE REVIEW 

1.2 Morphology and Phenology 

 

 Asparagus (Asparagus officinalis L.) is a perennial, vegetable crop grown for its edible shoots 

known as spears.  Plants consist of above-ground fern, which includes stems, phyloclades or 

photosynthetic stems, scale leaves and flowers, and the below ground crown, consisting of buds, 

rhizome, and storage and fibrous roots (Anido and Cointry, 2008; Blasberg, 1932). 

 A simplified phenology of asparagus includes spring growth, and fern maturity, and in some 

growing regions, dormancy (Feller et al., 2012). Cultivation in temperate and desert regions involve 

dormancy induced from cold and drought, respectively. Asparagus grown in tropical regions does not 

have a period of dormancy, with harvesting starting after green fern has been fully removed. In early 

spring in Ontario, asparagus breaks dormancy and spears emerge from the crown due to warming soil 

temperatures. The spears are harvested over a six-week period from May until mid-June. Once harvest 

has ceased, the spear will grow into a fern which produces carbohydrates that replenish the storage 

roots (Sudjatmiko et al., 1997).  In the fall, the fern will senescence and the crown will go into 

dormancy for the winter.  Asparagus plants require four years to develop an adequate root system 

before spears can be harvested. After establishment, annual harvests can occur for 10 years or more and 

are dependent on sufficient carbohydrate reserves in the storage roots (Downton and Torokfalvy, 1975; 

Pressman et al., 1993).  

 Asparagus is a dioecious crop, with separate male and female plants. Male plants are more 

desirable for spear harvesting as they have higher yields then female plants. In New Zealand, male and 

female plants of the cultivar Mary Washington 500W yielded ~875g and ~250g respectively, in the 
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sixth year of growth (Moon, 1976).  Decreased yields in females can be attributed to high energy 

demands for berry production.  Additionally, seedlings derived from dropped berries on female plants 

are essentially weeds that need to be controlled with herbicides. Other benefits of male plants include 

early emergence and sustained high yields.    

 The M locus, located on a homomorphic sex chromosome, controls sexual dimorphism in 

asparagus (Telgmann-Rauber et al., 2007). Females have an mm genotype, while males are Mm. 

Breeders have utilized the occurrence of andromonecious asparagus plants, which contain both male 

and hermaphroditic flowers for hybrid breeding (Anido and Cointry, 2008). The latter are capable of 

self-pollinating and producing an MM male progeny called supermales. When supermales are crossed 

with female plants they produce a desirable all-male population.  

 

1.3 Spring Emergence and Harvest 

 In the spring when soil temperature increases to 10-12oC, the asparagus crown will break 

dormancy (Dean, 1997; Van Os and Simonse, 1987).  Buds will begin to elongate into spears, and 

energy for growth is provided by carbohydrates accumulated in the storage root during the previous 

season (Pressman et al., 1993; Siomos and Pontikidou, 2000). The quantity of total carbohydrates 

available for growth depends on the storage root mass and carbohydrate concentration (Haynes, 1987; 

Martin and Hartmann, 1989).    

 Free sugars, including sucrose and glucose, are found at higher concentration in actively 

growing organs such as fibrous roots and buds when compared to rhizomes and storage roots.  Free 

sugars account for 80% of total carbohydrates within spears (Martin and Hartmann, 1989).  During 
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dormancy, sucrose content in the bud is low, but slowly increases with the greatest levels seen during 

active growth of the spear. Unfavorable environmental conditions such as heat or water stress lead to an 

increased consumption of? carbohydrates for respiration during spear emergence.   

 

1.3.1 Fructans as a Storage Reserve 

Fructans are the major storage reserve in asparagus, accounting for 50-90% of carbohydrates in 

storage roots (Cairns, 1992; Pressman et al., 1993). They are derived from fructose, classified based on 

their glycosidic linkage, and vary in chain size which is referred to as degree of polymerization (DP) 

(Valluru and Van Den Ende, 2008). Low-molecular-weight  fructans  have a DP of 10 or less, while 

high-molecular-weight fructans (HF) have a DP greater than 10 (Wack and Blaschek, 2006).   Fructan 

concentration varies seasonally. During the spring carbohydrates are mobilized and total concentration 

will decrease; in the late summer concentration will increase, reaching a maximum at the onset of 

dormancy. 

The sucrose: sucrose fructosyltransferase / fructan: fructan fructosyltransferase SST/6G-FFT 

model is used to explain how fructans are synthesized (Edelman and Jeeeord, 1968). In the first step, 

SST produces ketose by transferring a fructose from a donor sucrose to a second sucrose. Three ketoses 

can be formed: 1-ketose, 6-ketose and 6G-ketose.  A resulting ketose is then elongated by additional 

fructose units transferred from a donor ketose or fructans by 6G-FFT. Fructose units attached to the 1 

position of 1-ketose with β (2-1) linkages produce inulin, while addition to the 6 position of 6-ketose 

with β (2-6) linkage produce levan. Asparagus accumulates both inulin and inulin neoseries fructans. 

Neoseries inulin and levan are created by fructose elongation on both sides of the glucose molecule. In 

addition to 6G-FFT, asparagus also produces glucose-6 fructan: fructan fructosyl transferase (6G-FFT), 
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which attaches fructose units to the glucose of 1-ketose allowing for production of neoseries inulin 

(Ueno et al., 2005).   

1.4 Fern Growth and Maturity 

 

 After spear harvest, the fern is allowed to grow. Prior to the expansion of cladophylls on the 

fern, fructan and sucrose are metabolized at higher levels compared to that during spear harvest, 

leading to an increased carbohydrate depletion of the storage roots (Haynes, 1987; Pressman et al., 

1993). Storage root HF declines rapidly during fern growth, while LF shows a slow decline (Dean and 

Skrzeczkowska, 1993; Pressman et al., 1993). Free amino acid content in the storage roots also 

decreases during fern growth (Haynes, 1987).  This large mobilization of resources causes a reduction 

in storage root weight.  Rhizome weight does not show similar fluctuations, indicating its role as a 

storage organ may be minimal.  

 Once cladophylls develop, the fructan reserves begin to replenish in the storage roots from an 

increase in sucrose and fructan content as photosynthates are translocated from the shoots (Haynes, 

1987; Martin and Hartmann, 1989; Pressman et al., 1993).  The shoots have the greatest sugar 

concentration at the beginning of growth, but levels decrease throughout the remainder of the growing 

season. 

 Decreases in day length appear to be an important factor in accumulation of carbohydrate 

reserves in the crown. Prior to reaching a critical day length, 30% of carbohydrates are translocated to 

the crown, with the remainder being retained by the fern. Following a decrease in day length to about 

14 hours, 70% of carbohydrates are partitioned to the crown (Sudjatmiko et al., 1997; Woolley et al., 

2001).  The greatest concentrations of carbohydrates and amino acids in the crown are observed at the 

end of fern senescence (Haynes, 1987).  
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1.5 Fern Senescence 

  In autumn, the fern senesces, leaving the crown to overwinter. Senescence is the programmed 

death of cells, tissues or organs in response to environmental and internal signals (Gan and Amasino, 

1997; Lim et al., 2007).  Abiotic and biotic environmental stimuli include drought, high or low 

temperature, shading and pathogen infections, while internal signals are age or reproductive 

developmental stage. Fern senescence allows for resources such as lipids, amino acids, and sugars to be 

reclaimed and used in seeds or overwintering organs.   

 The chloroplast, containing a large portion of the cell's nitrogen and protein, is the first 

organelle to be degraded during senescence (Gan and Amasino, 1997). Cell macromolecules are 

hydrolyzed to their most basic form for mobilization. Proteins are broken down into amino acid for 

transport in the phloem to over wintering organs (Couturier et al., 2010). Lipids are metabolized for 

energy or converted to sugars through the glyoxylate cycle (Thompson et al., 1998). The latter stages of 

senescence involve fragmentation of DNA and subsequent mobilization of phosphorus, degradation of 

the nucleus, and collapsing of the vacuole (Gan and Amasino, 1997; Jones, 2001; Mondal and 

Choudhuri, 1985). 

  

1.5.1 Nitrogen 

  During senescence, about 90% of fern nitrogen is transported to the crown for storage during 

the winter (Ledgard et al., 1994). Nitrogen is stored in the crown mainly in the form of free amino acids 

asparagine and arginine (Fiala et al., 1982). Landry and Wolyn (2011) observed a decrease in fern 
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chlorophyll and an increase in rhizome percent nitrogen from 2.2% on August 10th to 4.0% on 

November 16th.  No significant increase in nitrogen concentration was seen in the storage roots.

 Nitrogen is important for spring vigor as demonstrated in alfalfa. Autumn defoliation reduced 

soluble storage proteins, proline, arginine and histidine levels (Dhont et al., 2003; Dhont et al., 2006; 

Haagenson et al., 2003). Principle component analysis showed that protein and amino acid contents 

impacted spring vigor, but not winter survival.  

 

1.6 Dormancy 

 Dormancy in asparagus is induced by either drought, in desert regions, or low soil temperature, 

in temperate regions (Wilson et al., 2001a). Temperatures less than 10 °C are sufficient to induce 

dormancy (Ku et al., 2005).  In warm Mediterranean climates, up to 30% of fructans can be utilized 

during winter dormancy due to root respiration (Pressman et al., 1993).  Carbohydrate levels do not 

decrease in dormant asparagus in temperate climates due to cold soil temperatures (Haynes, 1987; 

Martin and Hartmann, 1989); however, hydrolysis of storage root fructans into osmotically active 

sugars does occur (Martin and Hartmann, 1989; Pressman et al., 1993).  The main regulator of 

dormancy induction and release in asparagus is temperature (Ku et al., 2007). 

 Cool temperatures during dormancy affects mean time to budbreak. A period of chilling at 5 °C 

for 10 weeks decreased the time to budbreak by up to 5 days compared to plants chilled at 10 °C or 2 

°C (Hughes, 1992). Subsequent studies by Ku et al. (2005) on chilling requirements of asparagus 

cultivar Apollo found treatment at 5 °C for 3 or 6 weeks only decreased mean time to budbreak when 

the plants were subsequently grown at 10 °C or 15 °C. Chilling did not affect the mean number of days 

to budbreak when plants were grown at 20 °C, 25 °C or 30 °C (Ku et al., 2005).  Ku et al. (2007) 
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conducted another dormancy study assessing the effect of chilling time, chilling temperature, and 

growing temperature on Rutgers Beacon, JG, UC  and Apollo. Minimum temperature for budbreak in 

JG and Rutgers Beacon was 12.5 °C, while the minimum temperature for UC and Apollo was 10 °C. 

This is in agreement with field data observed by Panjtandoust and Wolyn, (2016), were UC breaks 

dormancy earlier than JG. An optimum chilling temperature for asparagus was found to be 

approximately 5 °C.  A period of chilling was again only found to improve bud break and spear growth 

when growing temperatures were 10 °C or 15 °C, but not at temperatures between 20 °C and 30 °C (Ku 

et al., 2007).  

 

1.7 Freezing Injury 

Freezing winter temperatures are a significant environmental stress that limits the distribution of 

plants and causes economic loss (Xin and Browse, 2000). Ice formation is the main stress of freezing 

temperatures and may be intracellular or extracellular (Guy, 1990).  Freezing of water into ice occurs at 

a nucleation point where water molecules begin to crystalize. Ice nucleation can be homogenous, 

occurring spontaneously, or heterogeneous, where another substance catalyzes crystallization of water 

molecules (Pearce, 2001). Homogenous ice nucleation of pure water will occur at -38.5 °C, but will be 

decreased if a high solute concentration is present. Extracellular heterogeneous ice nucleation is most 

likely to occur due to low solute concentration and presence of ice nucleators including: inorganic and 

organic matter, biological molecules and bacterial ice nucleators. The high solute content of the cell 

makes intracellular ice formation unlikely. If ice crystallization within the cell does occur, it is usually 

caused by the spread of extracellular ice into the cell and is always lethal (Yamada et al., 2002). Rapid 

cooling rates greater than 3 °C/min have also been found to promote intracellular freezing. Protoplast 
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freezing studies have provided insight into extracellular freezing induced dehydration of the cell as the 

primary cause of freezing damage (Steponkus, 1984; Uemura et al., 2006). Extracellular ice formation 

causes a decrease in water potential. To maintain water potential equilibrium, water moves from the 

cell to extracellular spaces. This results in freeze induced cellular dehydration, which leads to an excess 

of plasma membrane. Non-acclimated protoplasts remove excess plasma membrane by forming 

endocytotic vesicles. Damage to the cell is seen during thawing when the cell is unable to reincorporate 

the excess membrane into the plasma membrane and expansion-induced lysing occurs. Non-acclimated 

protoplasts exposed to temperatures below their LT50 will experience a transition from the laminar 

phase to hexagonal-II phase of the plasma membrane and endomembranes. This leads to loss of 

osmotic responsiveness during thawing due to leakiness of the membrane caused by fusion of the 

plasma membrane and endomembrane. Protoplasts that have undergone cold acclimation will form 

exocytotic extrusion of excess plasma membrane during freeze induced dehydration which are 

incorporated into the plasma membrane upon thawing. Exposure to lethal freezing temperatures causes 

cold acclimated protoplasts to undergo fracture-jump lesions,  the fusion of the plasma membrane  and 

intracellular membranes when they come in close contact due to dehydration (Steponkus, 1993). 

Similarly, fracture jump lesions also lead to leakiness of the membranes and loss of transmembrane 

gradients. 

Liposomes have been used as model systems to elucidate plasma membrane freezing damage 

and to determine how cryoprotective compounds stabilize the membrane. The main stress of freezing is 

cellular dehydration leading to liquid-crystaline to gel membrane phase changes and fusion of the 

plasma membrane with endomembranes brought into close proximity through dehydration of the cell 

(Frolov et al., 2003; Livingston et al., 2009; Müller et al., 2003). Water plays an important role in 
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maintaining membrane stability and keeping membranes from coming into close contact, hydrogen 

bonding with the lipid head group to allow for spacing of the lipids.  Under normal conditions, 

membranes exist in a liquid-crystalline state.  Removal of water during freeze-induced dehydration 

causes the lipid spacing to be lost resulting in close packing of the lipids and an increase in the gel to 

liquid-crystalline phase transition temperature (Tm). Most biological membranes have a subambient Tm 

under hydrated conditions, and an increase in Tm will cause a phase change during ambient conditions. 

Phase changes result in leakage of cellular contents and will occur during both dehydration and 

rehydration. Leakage during lipid phase changes is believed to be due the lipid packing defects from 

the occurrence of both liquid and gel phase lipids during the phase change. Similarly, fusion of 

membranes is also believed to create pores which allows leakage of the cellular contents and loss of 

transmembrane gradients. 

Reactive oxygen species (ROS), mainly hydrogen peroxide (H2O2), superoxide anion (O2
-) and 

hydroxide radical (HO-) have been proposed to cause freezing injury (Baek and Skinner, 2012).  These 

compounds are known to damage many cellular compounds including lipids, proteins, carbohydrates 

and nucleic acids. In bacteria and yeast, freezing has been seen to generate ROS (Halliwell and 

Gutteridge, 2015; Park et al., 1998). In plants, the amount of freezing injury has previously been 

correlated with the amount of ROS produced in Brassica napus, Daucus carota and Medicago sativa 

(Benson and Noronha-Dutra, 1988; Kendall and Mckersie, 1989).  

 

1.8 Cold Acclimation  

 In tropical and subtropical regions, plants are not subject to subfreezing winter temperatures and 
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have not evolved a mechanism to survive cold winters. Temperatures below 10 °C are sufficient to 

cause injury. Plants native to temperature regions have evolved a mechanism where they can 

acclimatize to cool, non-freezing temperature and eventually gain freezing tolerance for the winter 

months (Fowler et al., 1999; Guy, 1990; Levitt, 1980).   Among different species, cold acclimation can 

result in varying levels of maximum freezing tolerance ranging from -10 °C to -60 °C. The time to 

reach those maximum levels can be as little as a few days or up to a few weeks (Xin and Browse, 

2000). Within most temperate woody plants, reduction in photoperiod triggers a cessation of growth, 

while cooling temperatures initiate cold acclimation (Azeez and Sane, 2015; Van Huystee et al., 1967). 

Apple and pear trees are notable examples of woody plants that are not photoperiod sensitive, but rely 

sole on cooling temperatures for cold acclimation (Heide and Prestrud, 2005). Exogenous application 

of abscisic acid (ABA) and desiccation can also lead to an increase in freezing tolerance independent of 

cold temperatures in some plants (Chen and Gusta, 1983; Cloutier and Andrews, 1984).  

 Cold acclimation is the sum of all physiological and biochemical changes that lead to increased 

freezing tolerance (Guy, 1990).  At a cellular level, it results in an increase in osmolytes, which are 

compounds such as sugars, polyamines, and amino acids that maintain cell water balance (Szabados 

and Savoure, 2010), membrane composition changes (Uemura et al., 2006), and production of 

protective proteins (Hanin et al., 2011).   

 

1.8.1 Plasma Membrane Composition and Stabilization 
 

The plasma membrane undergoes compositional changes with the relative proportion of every lipid 

changing (Uemura et al., 2006). An increase in phospholipids, mostly unsaturated, is a common 

observation seen in the plasma membrane of many plants. Use of liposomes has shown that plasma 
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membrane behavior during freezing is due to lipid composition (Steponkus, 1989). Liposomes were 

constructed from lipid extracts of non-acclimated or cold-acclimated rye plasma membrane. Non-

acclimated liposomes formed endocytic vesicles during freeze induced dehydration while acclimated 

liposomes show exoctyic extrusions. Similarly, artificial acclimation of protoplast by fusion of non-

acclimated protoplasts with liposomes of unsaturated phospholipids led to increased freezing resistance 

and exocytotic extrusions of excess membrane rather than endocytic vesicles (Uemura and Steponkus, 

1989).  

  Sugars protect membranes from leakage or fusion by either replacing lost water on the plasma 

membrane or by vitrifying during drying and forming a glass, which is a viscous liquid without a 

crystalline structure. This glass creates a barrier between the plasma membrane and endomembranes, 

preventing them from close contact and membrane fusion (Crowe et al., 1998).  

Membranes dried in the presence of sugars such as sucrose do not show leakage. Sugar 

molecules are believed to prevent close packing of lipids during dehydration by replacing water 

molecules, and hydrogen bonding to the lipid head group, preventing dehydration induced phase 

transitions and consequential leakage of solutes. Evidence for sugar interactions with the phosolipid 

head group and sugars has been observed using nuclear magnetic spectroscopy (Tsvetkova et al., 1998). 

 

1.8.2 Osmolytes    

 Osmotically active solutes, or osmolytes, are small organic molecules that increase in 

concentration within the cell during times of water stress (Yancey et al., 1982). They accumulate during 

cold acclimation, altering the cellular osmotic potential (Guy et al., 1992; Levitt, 1980), and lowering 

the water potential between the cell and extracellular ice (Ruelland et al., 2009).  Consequently, less 
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water moves from the cell to the apoplast, compared to a non-acclimated cell, and cellular dehydration 

decreases. Sugars, amino acids, amines, and polyols are commonly observed osmolytes (Krasensky and 

Jonak, 2012; Yancey, 2005).   

Polysaccharides have been shown to be hydrolyzed into sugars, such as sucrose, glucose and 

fructose during cold acclimation. Sucrose is the most commonly accumulated sugar and the increase 

can be as high as 10-fold. Other roles osmolytes may preform include protecting enzymes, stabilizing 

the membrane, and preventing ice nucleation (Carpenter and Crowe, 1988; Kaplan and Guy, 2004; 

Nishizawa et al., 2008; Reyes-Díaz et al., 2006; Uemura et al., 2003).     

 

1.8.3 Fructans in Abiotic Stress Tolerance 
 

Fructans are a fructose based polysaccharides found in 12-15% of angiosperms in temperate 

regions (Hendry, 1987).  Observational, transgenic and liposome studies have shown fructans have an 

additional role in abiotic stress-tolerance, accumulating or being modified during times of stress or 

reduced growth, including cold (Livingston, 1991) drought (Volaire and Lelievre, 1997), or low 

nutrients (Wang and Tillberg, 1996). The most drought tolerant species from the Asteracea family in the 

Mediterranean are known to accumulate high DP fructans (Van Den Ende et al., 2006; Van Den Ende et 

al., 2005; Volaire et al., 1998). During cold acclimation of winter wheat and rye, cold tolerance was 

correlated with accumulation of high DP fructans in the basal tissue (SUZUKI AND NASS, 1988). In 

cocksfoot, northern races accumulated more alcohol soluble low DP fructans compared to southern 

races (Eagles, 1967). Fructans were first thought to act as a source of sugars for cold acclimation, 

however, completely hydrolyzed fructans would only lower the freezing point by     0.5 °C (Englmaier, 

1987; Livingston and Henson, 1998).   
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Transgenic studies have provided additional evidence on physiological effects of fructans during 

freezing stress. Transgenic tobacco transformed with a bacterial fructoslyntransferase gene, which 

allows for production of fructans, had increased freezing tolerance (Konstantinova et al., 2002).  

Additionally, sugar beet transformed to produce fructans had improved resistance to drought stress 

(Pilon-Smits et al., 1999). 

Chicory inulin reduced liposome leakage during freeze-drying (Hincha et al., 2000) by protecting 

membranes through binding to the phosolipid headgroup, allowing them to replace water molecules, 

prevent dehydration of the membrane, and keep the Tm stable. Stabilization of liposomes with 

individual chicory inulin fructans DP fractions during dehydration showed that with increasing DP, 

fructans became most effective at preventing a lipid phase transition, but were least effective at 

preventing membrane fusion (Hincha et al., 2002).  

Although higher DP fructans are expected to give improved protection from membrane fusion due 

to a high molecular weight and consequently a high glass melting temperature, a decrease in protection 

from membrane fusion is seen with high DP fructans. Low solubility of high DP fructans may result in 

reduced protection of the membrane. Fructans with a DP of 7-10 or lower provide enhanced membrane 

protection as they have increased solubility. Levan fructan is more soluble than inulin and offers 

increased protection even at a high DP (Vereyken et al., 2003).  Membranes are most likely protected 

by a combination of lowering the transition temperature of the membrane and forming a protective 

carbohydrate glass (Oliver et al., 2002).  A combination of high and low DP fructans provides the best 

membrane protection. Low DP fructans may interact with the membrane, lowering the membrane 

transition temperature, and high DP fructans could keep the carbohydrate glass transition point high  

(Crowe et al., 1997). 
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1.8.4 Proline 

 An increase in proline concentration due to abiotic stress was first observed in wilting perennial 

rye grass (Lolium perenne) and subsequently this compound was shown to increase in response to 

many environmental stresses including salt, high light, heavy metals, and temperature (Szabados and 

Savoure, 2010).  The role of proline as a protective osmolyte was proposed when a correlation between 

proline accumulation and tolerance to salt stress was observed in bacteria (Csonka et al., 1988).  

Mutant and transgenic studies were able to confirm the importance of proline accumulation in plants 

during environmental and freezing stress. Arabidopsis thaliana ecotype Columbia eskimo1 mutant 

which has an increase in proline accumulation, showed a 5.5oC increase in freezing tolerance compared 

to the wildtype (Xin, 1998). Transgenic tobacco (Nicotiana tabacum) expressing a mutated proline 

biosynthesis gene Δ1 -pyrroline-5-carboxylate synthetase (P5CS), which does not have feedback 

inhibition by proline, accumulated higher levels of proline and had better tolerance to osmotic stress 

than the wildtype (Hong et al., 2000).  

Proline accumulation improved tolerance to stress in a variety of ways including protein 

stabilization and ROS scavenging. Proline was also able to stabilize the structure of lactate 

dehydrogenase during temperature or chemical denaturation (Rajendrakumar et al., 1994). The mode of 

action for protecting proteins was proposed to be from the hydrophobic interactions between its 

pyrrolidine ring and the protein. Antioxidant properties have been reported by a number of studies 

which suggest an ability to scavenge ROS or to stabilize ROS scavenging proteins. Exogenous 

application of proline has been shown to reduce ROS levels in yeast and fungi (Chen and Dickman, 

2005). Transgenic tobacco which hyper-accumulated proline had decreased levels on free radicals 
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while mutant Arabidopsis lines which had reduced levels had increased ROS levels and oxidative 

damage.  

 

1.8.5 Protective Proteins 
 

Dehydrins are an important class of proteins belonging to the group 2 late embryonic expressed 

proteins (Hanin et al., 2011). They are expressed during late embryogenesis and in response to 

dehydration from drought, salinity or freezing.  Dehydrins contain 1-11 copies of a conserved lysine-

rich 15 amino acid section known as a K-segment which undergo conformation changes based on the 

degree of hydration. Dehydration causes the K-segment to form an amphipathic α-helix, with positively 

and negatively charged amino acid residues on different sides of the helix. These amphipathic α-helices 

can bind to partially dehydrated surfaces of proteins and membranes, protecting them from aggregation 

and denaturation. The dehydrin ERD10 and ERD14 from Arabidopsis prevented aggregation or 

inactivation of a number of proteins from cold stress (Kovacs et al., 2008). Transgenic studies have 

provided additional insight into the role of dehydrins in drought and cold stress.  Arabidopsis 

expressing a Rhododendron catawbiense dehydrin and strawberry expressing a wheat dehydrin both 

had increased freezing tolerance (Houde et al., 2004; Peng et al., 2008).  

 

1.9 Cold Acclimation in Asparagus 

 Asparagus cultivars grown in southern Ontario must be adapted to cold winters. Timely 

acclimation and deacclimation of asparagus is an important aspect of winter hardiness. Cold 

acclimation has been studied in cultivars (ie. GM, JG and UC) with varying levels of adaptation to 
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Southern Ontario.  GM was bred in Southern Ontario and has high yield and persists over many 

seasons in this environment. JG, bred in southern New Jersey, maintains yields for several years before 

declining, while UC, bred in southern California, dies after 3-4 years. These cultivars are known to 

have differing senescence patterns in the fall. JG often stays green until a killing frost in the fall, UC 

senesces in late autumn but before JG, and GM senesces the earliest of the three cultivars. Low 

productivity of JG and UC in a northern environment is most likely due to the inability to cope with the 

cold winters.  

 Landry and Wolyn (2011), observed physiological parameters and freezing tolerance of GM and 

JG in the field throughout a fall sampling period. An electrolyte leakage (EL) assay of the storage roots 

did not show a difference in freezing tolerance between the two cultivars. Metabolites associated with 

cold hardiness included high proline and protein and low percent water in the rhizome and storage 

roots; high LF and low sucrose in the rhizome; and low LF and high sucrose in the storage roots. More 

metabolite differences were observed between the varieties in the rhizome than the storage roots, 

suggesting that the rhizome traits, along with early senescence, may be important for freezing 

tolerance. 

 Kim and Wolyn (2014) conducted a seedling study to investigate cold acclimation of GM, JG 

and UC under different temperatures (7 °C and 23 °C) and photoperiods (8 h and 16 h). GM acquired 

the most freezing tolerance, while UC acquired the least. Jersey Giant had freezing tolerance 

intermediate to the other two cultivars. Crown percent water, proline, sucrose, and HF were correlated 

most with LT50. Photoperiod in a controlled environment did not have an impact on cold acclimation. 

 Field experiments were conducted to observe acclimation in the fall and deacclimation in the 

spring for GM, JG and UC (Panjtandoust and Wolyn, 2016a; Panjtandoust and Wolyn, 2016b). In the 
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fall, GM acclimated earliest, UC was the latest to acclimate, and JG was intermediate. In the spring, 

UC deacclimated earliest and did not reacclimate in response to fluctuating temperatures. JG 

deacclimated after UC, but appeared to reacclimate with cool temperatures following a warm period.  

GM showed the latest deacclimation in the spring.  

 Overall, the timing of cold acclimation and deacclimation can be an important trait for survival 

in norther environments in addition to survival during the coldest temperatures of winter. The ability to 

acclimate early and deacclimate late, may be important for protection against late fall frosts and early 

spring freeze/thaw cycles. Asparagus acclimates to cold and increases the concentrations of metabolites 

with known cryoprotective properties. The rhizome appears to be more important for cold acclimation 

than the storage roots. This may be due to the high accumulation of sugars and fructans within the 

storage roots imparting high levels of freezing tolerance on this organ in all cultivars.  

 

1.10 Autumn Defoliation  

Studies in alfalfa, a perennial forage crop, have provided insight into the effects of autumn 

defoliation on spring regrowth and winterhardiness. Untimely fall harvests have been known to reduce 

persistence, yields in subsequent years, and increase winter injury.  

Defoliation decreased concentrations of root starch, amino-N, and protein, but sucrose increased 

or decreased (Dhont et al., 2006; Haagenson et al., 2003).  Principle component analysis showed that 

amino acids levels were correlated with spring vigor, but not winter survival. Root soluble 

carbohydrates correlated with winter survival. A reduction in proline, without a reduction in winter 

survival, suggested overall levels of proline may not be important. Induction of cold acclimation was 
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not affected by autumn defoliation as transcription levels of cold expressed genes did not change. An 

increase in sugar accumulation due to defoliation was an unexpected result as increased sucrose was 

expected to increase winter survival; the increase in sugar may have been due to defoliation-induced 

starch hydrolysis or by decreased sugar use.  

 Kelly and Bai (1997) demonstrated in Michigan that early asparagus fern defoliation in late 

September caused a reduction in spear yields in subsequent years when compared to control plants that 

were not defoliated.  Fern removal in early to mid-October did not have a significant impact on yield.  
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CHAPTER 2: FREEZING TOLERANCE, METABOLITE PROFILE 
AND SPRING VIGOR OF ASPARAGUS (ASPARAGUS 
OFFICINALIS) IN SOUTHERN ONTARIO AFTER AUTUMN 
DEFOLIATION 

2.1 Introduction 

Asparagus (Asparagus officinalis L.) is an herbaceous perennial vegetable crop where 

emerging stems or spears are harvested for several weeks in the spring, followed by the growth of a 

vegetative structure, commonly called ‘fern’. During summer, photosynthesis produces carbohydrates 

to replenish storage roots for sustaining harvest during the subsequent season. In temperate regions, 

fern senesces in autumn and the underground crown, consisting of a rhizome and storage roots, 

acquires freezing tolerance and becomes dormant to survive winter.  

Cultivars differ for adaptation to the cold winter climate of southern Ontario, Canada, and for 

the best hybrid, GM, fern senesces in mid-October and the crown acquires freezing tolerance in a 

timely manner, earlier than other genetic lines (Panjtandoust and Wolyn, 2016a). Physiological traits 

and cryoprotective compounds correlated with freezing tolerance, or LT50, the temperature at which 

50% of plants die, included high proline, LF and sucrose concentrations, and low water percentage in 

the rhizome, and high proline and sucrose concentrations and low water percentage and LF 

concentration in the storage roots. Rhizome traits were thought to be more important for winter survival 

than those of storage root as they had higher correlations with LT50 values (Panjtandoust and Wolyn, 

2016a; Panjtandoust and Wolyn, 2016b). 

The induction of senescence, dormancy and freezing tolerance occurs during autumn as both 

photoperiod and temperature decrease. In woody plants, in the absence of shortening photoperiod, cold 

temperature alone can cause trees to undergo cold acclimation (Weiser, 1970). Light, however, may be 
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important for low temperature perception through changes in photosynthetic processes leading to the 

production of ROS (Winfield et al., 2010) which serve as signaling molecules. Twice as many cold-

responsive genes were upregulated in light compared to darkness in Arabidopsis (Soitamo et al., 2008) 

supporting an interaction between light and cold in freezing tolerance. Although the sensing of 

photoperiod for the acquisition of freezing tolerance in asparagus is uncertain, the interaction of light 

and cold temperatures, sensed in the fern, could be critical. Decreasing photoperiod affected asparagus 

carbohydrate partitioning, altering distribution from the fern to the crown as day length decreased to 14 

h  (Woolley et al., 2001). The role of decreasing soil temperature in the autumn and its perception 

directly in the rhizome or storage roots to induce freezing tolerance is also unknown. 

Autumn fern removal before complete senescence is practiced in hybrid seed production in 

southern Ontario where unusual early snowfalls in October could compromise the harvest. Defoliation 

has also been suggested as a means to control foliar disease inoculum levels for the subsequent growing 

season (Kelly and Bai, 1997) or allow the implementation of cultural practices, such as application of 

plastic to fields for white spear production, before soils become saturated and susceptible to structural 

damage from heavy machinery (Feller and Müller, 2017). Late-September fern removal in asparagus 

decreased yield the following year, while that in early-October did not (Kelly and Bai, 1997), however, 

the effects on fall acclimation and the acquisition of freezing tolerance were not addressed. In another 

study, late-September fern removal did not affect storage root carbohydrate concentration in 

November, and no impact on yield the following season was predicted (Feller and Müller, 2017). 

Alfalfa harvested in late-summer or early-autumn in northern climates had increased 

winter damage and reduced yields in the following year (Haagenson et al., 2003; McKenzie and 

Mclean, 1980). Roots of alfalfa plants defoliated in the autumn had decreased dry matter percentage, 
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and starch and protein concentrations (Haagenson et al., 2003; Silkett et al., 1937). In addition, reduced 

transcript levels of cold responsive genes have been reported after defoliation (Dhont et al., 2006). 

The objective of this research was to understand the role of the fern in the acquisition of 

freezing tolerance in asparagus by defoliating plants during late-summer and autumn, and 

measuring LT50 levels, and concentrations of cryoprotective metabolites. Emergence and 

regrowth vigor the following season were also studied to determine associations with freezing 

tolerance and defoliation. 

2.2 Materials and Methods 

Experiment 1: Fall Acclimation and Metabolite Profile after Autumn 
Defoliation 

 

2.2.1 Experimental Design 

Ten treatment combinations (Table 2.1) were planted in a randomized complete block design 

with four replicates. The experiment was repeated independently in 2015 and 2016. In 2015, plots were 

sampled on 17 Aug., 15 Sep., 14 Oct., 9 Nov. and 16 Nov. In 2016, plots were sampled on 15 Aug., 13 

Sep., 17 Oct., 7 Nov. and 14 Nov. Half of the replicates were harvested on each of the November dates 

in each year to accommodate the large number of treatments, but collectively were classified as mid-

November sampling. 
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Table 2.1. Fern defoliation and crown sampling treatments of two-year-old asparagus plants in 

Simcoe, Ontario. 

 

Treatment Fern Defoliation Crown Sampling 

1 none-control Mid-August  

2 none-control Mid-September 

3 none-control Mid-October 

4 none-control Mid-November a 

5 Mid-August  Mid-September 

6 Mid-August Mid-October  

7 Mid-August Mid-November a 

8 Mid-September Mid-October 

9 Mid-September Mid-November a 

10 Mid-October Mid-November a 
aTwo replicates were harvested in each of first and second weeks of November and 

data averaged over the two November sampling dates. 

 

2.2.2 Plant Establishment 

 Seed for cultivar Guelph Millennium was obtained from Fox Seeds (Simcoe, ON) and planted 

on 19 Mar. 2014 and 25 Mar. 2015 into 288-cell plug trays containing Sunshine mix #5 (Sun Gro 

Horticulture Canada, Seba Beach, AB). The seedlings were transplanted on 2 May 2014 and 19 May 

2015 into 50-cell plug trays filled with Sunshine mix #4 (Sun Gro Horticulture Canada, Seba Beach, 

AB) and fertilized weekly with 20N-3.5P-16.6K (1.25 g/L; Plant Products Limited; Brampton ON). 

Plants were grown in a greenhouse with 25°C/20°C (day/night) temperatures and natural light 

supplemented with a 12 h photoperiod provided by 250-watt high pressure sodium lamps with a 

photosynthetic photon flux density (PPFD) of 80 μmol m-2 s-1.  

         Seedlings were transplanted on 25 May 2014 and 18 June 2015 at the Simcoe Research Station, 

Ontario, Canada (lat. 42°51' N, long. 80°16' W, elevation 240.5 m) into a Norfolk sandy loam (coarse 
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sand and sandy loam). Before transplanting seedlings to the field, phosphorus was added to the bottom 

of 15 cm deep trenches at a rate of 50 kg ha-1. Each plot was 6 m long and contained 35 plants. Rows 

were spaced on 125 cm centers. Guard rows were placed on both sides of each treatment plot. 

Seedlings were planted at the bottom of trenches and covered with 5 cm of soil. Weeds were mowed 

between rows and removed manually within rows. Trenches were gradually filled during the first 

growing season as plants were cultivated. 

 

2.2.3 Plot Sampling 

 In 2015 and 2016, plots of one-year-old asparagus plants, planted in 2014 and 2015, 

respectively, were defoliated at monthly intervals (Table 2.1) by removing the fern at ground level. The 

experiment was monitored weekly for regrowth; spears were removed three times in 2015 and no 

emergence occurred in 2016. On each sampling date, crowns were dug mechanically, cleaned of excess 

soil, and stored in burlap bags at 6 °C until processing the following day. From the 35 crowns in each 

plot, five were chosen randomly for metabolite analysis, and five to determine water percentage. The 

remaining 25 crowns were used for LT50 estimation. 

 

 

2.2.4 LT50 Estimation  
 

 Storage roots were trimmed to approximately 20 cm in length and crowns were potted in 

3.785 litre pots with presoaked bark mix (70% aged pine bark fines, 25% peat moss, 5% 

compost; ASB Greenworld Ltd. Mount Elgin, ON). The 25 crowns from each treatment replicate 

were randomly distributed into four freezers. Each freezer contained 25 pots with six or seven 

from each of the four field replicates. Pots were incubated in each freezer at 4 °C for 12 h, after 
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which five random pots for each treatment were removed as controls. The temperature was 

lowered at a rate of 2 °C h-1 and maintained sequentially at 0 °C, -4 °C, -8 °C, -12 °C and -16 °C, 

each for 12 h, after which four pots for each treatment were removed from each freezer. Pots 

were stored at 4 °C for 4 wk to break dormancy, then transferred to the greenhouse and grown at 

20 °C/15 °C (day/night) with a 14 h photoperiod supplemented by high pressure sodium lamps as 

described above. Regrowth was monitored for 4 wk and the numbers of living and dead plants 

were recorded to estimate LT50 values. 

 

2.2.5 Water Percentage 

 Ten to 15 storage roots sections approximately 7 cm in length, proximal to the rhizome, were 

sampled randomly throughout the crown; soil was removed with a dry cloth. The rhizome was 

separated from storage roots and epidermal tissue removed. Approximately 15 g fresh weight (FW) for 

each of storage roots and rhizome were weighed separately to determine fresh weight, then dried at     

50 °C for 2 weeks. Dry weight (DW) was recorded and water percentage was calculated according to 

Tanino et al. (1990). 

 

2.2.6 Metabolite Analysis 

Storage roots and rhizomes were sampled as described for water percentage, frozen in liquid 

nitrogen, and stored at -80 °C. Samples were lyophilized (FreeZone 4.5 L Freeze Dry System, Model 

77510, LABCONCO; Kansas City, MO) and ground separately using a benchtop grinder (Blender 

Model 7011S, Waring, New Hartford, CT). Storage root powder was passed through a 60-mesh sieve to 

remove epidermal tissue. All samples were then stored at -80 °C. Chlorophyll concentration was 

estimated for cladophylls, and proline, nitrogen and LF and HF concentrations were measured for 
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storage roots and rhizomes as described by Landry and Wolyn (2011). Sucrose was measured using a 

commercially available kit (K-SUCGL; Megazyme International Ireland, Bray, Ireland). Tissue 

samples (500 mg DW) were extracted using 50 mL distilled H2O at 70 °C for 30 min followed by 

filtering through a glass fibre filter paper (Whatman GF/A). From each extraction, 200 μL aliquots 

were added to each of four, 20 mL borosilicate test tubes. Two-hundred microliters of sodium acetate 

buffer were added to each of two duplicate test tubes for D-glucose determination, while 200 μL of 

supplied β-fructosidase were added to the remaining two duplicate test tubes for sucrose and D-glucose 

determination. All tubes were incubated at 50 °C for 20 min after which 3 mL of supplied glucose 

oxidase/peroxide reagent were added, and the tubes were incubated for 20 min at 50 °C. Absorbance 

was measured at 510 nm with a spectrophotometer (DU-64; Beckman, Fullerton, CA). Sucrose 

concentration (g 100 g-1) was calculated as: average absorbance of samples for sucrose and D-glucose 

determination – average absorbance of samples for D-glucose determination (both read against reagent 

blanks) x absorbance conversion factor (100/absorbance of 100 μg of D-glucose standard) x 0.0095 (K-

SUCGL Assay Procedure; Megazyme International Ireland, Bray, Ireland). 

 

EXPERIMENT 2: SPRING VIGOR OF ASPARAGUS AFTER 
AUTUMN DEFOLIATION  

2.2.7 Plant Establishment 

Guelph Millennium seedlings were grown and transplanted in 2014 and 2015 using the same 

method and dates as Experiment 1, except 20 plants were used per plot in a randomized complete block 

design with four treatments. 
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2.2.8 Autumn Defoliation 

 In 2015, fern defoliation treatments occurred on 16 Aug., 14 Sep., 13 Oct., and 8 Nov. for plots 

planted in 2014. In 2016, fern defoliation treatments occurred on 14 Aug., 12 Sep., 16 Oct., and 7 Nov. 

for plots planted in 2015. Undefoliated rows on each side of a treatment row were controls. 

 

2.2.9 Spring Emergence 

 The Julian date on which the first emerged spear was 2.5 cm tall for each plant was recorded in 

2016 and 2017 for the experiments defoliated in 2015 and 2016, respectively. 

 

2.2.10 Spring Regrowth 
 

 In the summer following fall defoliation, total plant yield for each treatment plot and 

undefoliated controls were estimated through a large-medium fern index (LMFI) which is highly 

correlated (r=0.91) with total harvested yield (Wolyn 1993). Diameters of all stalks were measured 2.5 

cm above the ground and LMFI was calculated as: 3 x (number of large stalks with a diameter > 15 

mm) + 2 x (number of medium stalks with a diameter of 10 to 15 mm). LMFI was measured on 20 

June 2016 and 4 July 2017. Undefoliated rows did not differ from those defoliated in mid-November 

and only the later are presented as controls. 

 

2.2.11 Statistical Analysis 

 A generalized linear mixed model was used to analyze data with PROC GLIMMIX in 

SAS software (SAS Version 9.3; SAS Institute, Cary, NC). Treatment was a fixed effect and year, 

block(year) and year x treatment were random effects. Significance of random effects was determined 
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by a likelihood ratio test. LMFI’s of undefoliated rows on each side of treatment plots were included as 

covariates in the yield analysis. Data were tested for a normal distribution with the Shapiro Wilks test, 

equality of variance with the Levene’s test, and random distribution of residuals using residual plots. 

Tukey's honest significant difference (HSD) test was used for separation of least square means 

(P≤0.05). The PROC PROBIT function of SAS was used to determine LT50 of freezing treatments and 

E50, the day 50% of plants in a plot had emerged. 
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2.3 Results 

 

2.3.1 Statistical Analysis 

The year and year x treatment effects were significant for all parameters. Therefore, data were 

analyzed separately by year. The significance of fixed and random effects are summarized in Appendix 

A.  

 

2.3.2 Temperature and Precipitation 

Both years of the experiment were warmer than the 30-year average (Figs. 2.1 A and B). Fall 

temperatures were greater in 2016 than in 2015; consistent daytime temperatures of 15 °C occurred in 

late-September 2015, while similar temperatures were observed in early-October 2016. Soil 

temperatures followed similar trends to those of air temperatures, where values for 2016 were higher 

than those of 2015. The frequency and intensity of rainfall during the growing season was lower in 

2016 compared to 2015; cumulative rainfall for 2016 was 60% of that for 2015 (Figs 2.2). 
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Figure 2.1 Daily maximum and minimum temperatures of air (A, B), and soil at 10 cm depth (C, D), in 

the fall of 2015 (A, C) and 2016 (B, D) at the Simcoe Research Station, Simcoe, Ontario, Canada. Data 

provided by Weather Innovations, Inc. (Chatham, ON). 
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Figure 2.2 Daily precipitation (A, B) and cumulative precipitation (C, D) during the summer of 2015 

(A, C) and 2016 (B, D) at the Simcoe Research Station, Simcoe, Ontario, Canada. Data provided by 

Weather Innovations, Inc. (Chatham, Ontario). 
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2.3.3 Freezing Tolerance (LT50) 

LT50 values of undefoliated controls decreased from mid-August to mid-November in 2015 

(Fig. 2.3A). Levels also decreased from mid-October to mid-November for plants defoliated in mid-

August and mid-September, however, those for the mid-August treatment were greater than LT50 

values for the undefoliated control. October defoliation decreased LT50 compared to the control when 

sampled in mid-November. Overall, defoliation in mid-August had the greatest effect, increasing LT50 

and decreasing freezing tolerance. In 2016, LT50 of the undefoliated controls did not change from mid-

August to mid-October, but levels decreased from mid-October to mid-November for the control and 

plants defoliated in mid-August and mid-September (Fig. 2.3B). On the November sampling dates, 

controls had greater LT50 values, decreased freezing tolerance, compared to all defoliation treatments, a 

pattern opposite to that observed in 2015. 
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Figure 2.3 Lethal temperatures at which 50% of plants die (LT50) when asparagus was defoliated in 

mid-August, -September and -October and sampled in all subsequent months until mid-November, and 

undefoliated controls sampled monthly from mid-August to mid-November, in 2015 (A) and 2016 (B). 

Sampling in November was conducted on the 9th and 16th in 2015 and 7th and 14th in 2016. Means 

(n=4) are presented. Letters represent significant differences as determined by Tukey’s HSD test 

(P≤0.05) within each sub-figure. 
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2.3.4 Water Percentage 

Water percentage of the rhizome decreased over the sampling period for all treatments in both 

2015 and 2016 (Figs. 2.4A and B). Values did not differ among treatments on each sampling date in 

2015; a similar trend was observed in 2016 except water percentage for the mid-August defoliation 

treatment, sampled in mid-September, did differ from that of the control. 

 Storage root water percentage of undefoliated controls decreased between mid-August and mid-

November in both years (Figs. 2.4C and D). Defoliation in mid-August prevented dehydration of 

storage roots; values did not change from mid-September to mid-November and were greater than 

those of other treatments on each sampling date. Removal of fern in mid-September and mid-October 

had little or no effect; values for plants in subsequent months generally did not differ from those of the 

undefoliated controls. Overall, only defoliation in mid-August affected water percentage or dehydration 

and the effect was limited to the storage roots. 
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Figure 2.4 Water percentages of asparagus rhizomes (A, B) and storage roots (C, D) when plants were 

defoliated in mid-August, -September and -October and sampled in all subsequent months until mid-

November, and undefoliated controls sampled monthly from mid-August to mid-November, in 2015 

(A, C) and 2016 (B, D). Sampling in November was conducted on the 9th and 16th in 2015 and 7th and 

14th in 2016. Means (n=4) are presented. Letters represent significant differences as determined by 

Tukey’s HSD (P≤0.05) within each sub-figure. 
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2.3.5 Sucrose 

In 2015, rhizome sucrose concentrations generally increased throughout the sampling period for 

the different treatments (Fig. 2.5A). On each sampling date, defoliation treatments did not differ from 

the control. In 2016, rhizome sucrose concentrations of undefoliated control plants did not change from 

mid-August to mid-October, but increased from mid-October to mid- November, as did those for plants 

defoliated in mid-August and mid-September (Fig. 2.5B). For the October and November sampling 

dates, values for the defoliation treatments were greater than those of the undefoliated controls. 

Sucrose concentrations increased in the storage roots of undefoliated control plants during the 

sampling period in both years (Fig. 2.5C and D). All treatments did not differ on each sampling date in 

both years except that for plants defoliated in mid-August and sampled in mid-November, where the 

value was greater than those for all other treatments. 
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Figure 2.5 Sucrose concentrations of asparagus rhizomes (A, B) and storage roots (C, D) when plants 

were defoliated in mid-August, -September and -October and sampled in all subsequent months until 

mid-November, and undefoliated controls sampled monthly from mid-August to mid-November, in 

2015 (A, C) and 2016 (B, D). Sampling in November was conducted on the 9th and 16th in 2015 and 7th 

and 14th in 2016. Vertical error bars represent the standard error of the mean (n=4). Letters represent 

significant differences as determined by Tukey’s HSD test (P≤0.05) within each sub-figure.  
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2.3.6 Proline 

Rhizome proline concentrations increased in undefoliated control plants throughout the sampling 

periods in both 2015 and 2016 (Figs. 2.6A and B). Although proline concentrations of plants defoliated 

in mid-August increased from mid-September to mid-November, values were lower than those of the 

undefoliated control on most sampling dates. Defoliation of the fern in mid-September delayed rhizome 

proline accumulation, values were lower than, and similar to, those of the controls in mid-October and 

mid-November, respectively. Mid-October defoliation had no effect on proline levels when plants 

where assessed in mid-November. 

Storage root proline concentrations increased throughout the fall sampling period in undefoliated 

control plants in both years (Figs. 2.6C and D) although levels varied one- and three-fold in 2015 and 

2016, respectively. Levels for the controls also increased substantially between mid-October and mid-

November in 2016, but no change was observed during the same period in 2015. Defoliation had no 

effect on proline concentrations in 2015, however, plants from all defoliation treatments had lower 

proline concentrations than the undefoliated control at the mid-November sampling date in 2016. 
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Figure 2.6 Proline concentrations of asparagus rhizomes (A, B) and storage roots (C, D) when plants 

were defoliated in mid-August, -September and -October and sampled in all subsequent months until 

mid-November, and undefoliated controls sampled monthly from mid-August to mid-November, in 

2015 (A, C) and 2016 (B, D). Sampling in November was conducted on the 9th and 16th in 2015 and 7th 

and 14th in 2016. Vertical error bars represent the standard error of the mean (n=4). Letters represent 

significant differences as determined by Tukey’s HSD test (P≤0.05) within each sub-figure. 
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2.3.7 Nitrogen 
 

In 2015 and 2016, rhizome total nitrogen percentage of undefoliated plants increased from mid-

August to mid-October (Figs. 2.7 A and B). Values for plants defoliated in mid-August and 

mid-September did not increase throughout the subsequent sampling periods. Nitrogen percentage was 

generally lower on most sampling dates for defoliation treatments compared to the control and the 

magnitude of the decrease appeared associated with earliness of defoliation. 

Storage root nitrogen percentage did not change in undefoliated control plants throughout the 

sampling periods in both years (Figs. 2.7 C and D). Removal of the fern in mid-August caused an 

increase in storage root nitrogen percentage compared to the control at most subsequent sampling dates 

in both years. Values for plants defoliated in mid-September and mid-October did not differ from those 

of the undefoliated controls at subsequent sampling dates. 
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Figure 2.7 Nitrogen percentages of asparagus rhizomes (A, B) and storage roots (C, D) when plants 

were defoliated in mid-August, -September and -October and sampled in all subsequent months until 

mid-November, and undefoliated controls sampled monthly from mid-August to mid-November, in 

2015 (A, C) and 2016 (B, D). Sampling in November was conducted on the 9th and 16th in 2015 and 7th 

and 14th in 2016. Vertical error bars represent the standard error of the mean (n=4). Letters represent 

significant differences as determined by Tukey’s HSD test (P≤0.05) within each sub-figure. 
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2.3.8 Low Molecular Weight Fructans  

Rhizome LF concentrations for undefoliated controls increased or did not change from mid-

August to mid-September in 2015 and 2016, respectively (Figs. 2.8A and B).  In both years, values 

decreased from mid-September to mid-November. For plants defoliated mid-August, LF concentrations 

were lower than those of the controls at most subsequent sampling dates in both years; values also did 

not change from mid-September to mid-November. Defoliation in mid-September resulted in different 

responses for the two years. In 2015, LF concentrations were similar to, and greater than, those of the 

undefoliated control in mid-October and mid-November, respectively; values were similar to those of 

the undefoliated control on both dates in 2016. Plants defoliated in mid-October had greater rhizome 

LF concentrations compared to the control in mid-November of 2016. 

Storage root LF concentrations of control plants did not change from mid-August to mid-

November in 2015 but decreased in 2016 (Figs. 2.8C and D). LF concentrations for plants defoliated in 

mid-August were lower than those of the control at most subsequent sampling dates in both years; 

values also decreased from mid-September to mid-October in both years but not subsequently. For 

plants defoliated in mid-September, LF concentrations did not differ from those of the control at 

subsequent sampling dates. Mid-October defoliation did not affect LF concentrations in mid-November 

for both years.  
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Figure 2.8 Low-molecular-weight fructan concentrations of asparagus rhizomes (A,B) and storage 

roots (C, D) when plants were defoliated in mid-August, -September and -October and sampled in all 

subsequent months until mid-November, and undefoliated controls sampled monthly from mid-August 

to mid-November, in 2015 (A, C) and 2016 (B, D). Sampling in November was conducted on the 9th 

and 16th in 2015 and 7th and 14th in 2016. Vertical error bars represent the standard error of the mean 

(n=4). Letters represent significant differences as determined by Tukey’s HSD test (P≤0.05) within 

each sub-figure. 
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2.3.9 High Molecular Weight Fructans 
 

In 2015, rhizome HF concentrations of control plants increased from mid-August to mid-

September then decreased to mid-November (Fig. 2.9A). In 2016, values for control plants decreased 

from mid-August to mid-September but did not change thereafter (Fig. 2.9B). Plants defoliated in mid-

August had lower HF concentrations than the controls at most subsequent dates in both years. Plants 

defoliated in mid-September and mid-October did not differ for HF concentrations compared to the 

control on any sampling date.  

Storage root HF concentrations in control plants increased from mid-August to mid-October in 

2015 but remained constant in 2016 (Figs. 2.9C and D). Early removal of fern generally decreased 

storage root HF concentrations; mid-August and mid-September treatments had the lowest and 

intermediate values, respectively, compared to the controls on most subsequent sampling dates in both 

years. In mid-November, values for plants defoliated in mid-October did not differ from those of the 

control. 
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Figure 2.9 High-molecular-weight fructan concentrations of asparagus rhizomes (A, B) and storage 

roots (C, D) when plants were defoliated in mid-August, -September and -October and sampled in all 

subsequent months until mid-November, and undefoliated controls sampled monthly from mid-August 

to mid-November, in 2015 (A, C) and 2016 (B, D). Sampling in November was conducted on the 9th 

and 16th in 2015 and 7th and 14th in 2016. Vertical error bars represent the standard error of the mean 

(n=4). Letters represent significant differences as determined by Tukey’s HSD test (P≤0.05) within 

each sub-figure. 
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2.3.10 Chlorophyll 

Cladophyll chlorophyll concentrations decreased throughout the sampling period in both years 

(Fig. 2.10A and B).  In 2016, ferns were fully senesced by the mid-November sampling date, with no 

cladophylls remaining on stems for sampling. 

 

 

 

 
 

Figure 2.10 Average chlorophyll content of five plants in an undefoliated plot in 2016 (A) and 2017 

(B) after fall defoliation the previous year.  No data are reported for 7 Nov. 2016 because plants were 

fully senesced. Vertical error bars represent the standard error of the mean (n=4). Different letters 

represent significant difference as determined by Tukey’s HSD test (P≤0.05) within each sub-figure. 
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2.3.11 Spring Emergence and Yield Estimations 

Defoliation in mid-August delayed spring emergence compared to the other defoliation 

treatments for both years of the experiment (Fig. 2.11). The control and plants defoliated in mid-

September and mid-October of 2015 had similar emergence in the spring of 2016 (Fig. 2.11A). Plants 

defoliated in mid-October 2016 and the control, emerged the earliest in 2017 and those defoliated mid-

September had an intermediate emergence date (Fig. 2.11B). 

Timing of defoliation in the fall affected LMFI yield estimates the following spring for both 

years of the experiment (Fig. 2.12). Similar trends were seen, where defoliation in mid-August had the 

greatest effect on yield reduction, defoliation in mid-September and mid-October had intermediate 

effects, and the control generally produced the highest yields. Yield estimates for plots evaluated in 

2016 appeared greater than those for 2017. 
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Figure 2.11 Julian Day of the Emergence50, or the Julian day 50% of plants in a plot emerged, in the 

spring 2016(A) and 2017(B) after fall defoliation the previous year. Vertical error bars represent the 

standard error of the mean (n=4). Different letters represent significant difference as determined by 

Tukey’s HSD test (P≤0.05) within each subfigure 

 

 

 
 

 

Figure 2.12 Large-Medium Fern Index (LMFI) of asparagus plots measured on June 2015 (A) and 

June 2016 (B) after defoliation in mid-August, -September, or -October of previous year. LMFI was 

calculated as: 3 x (number of large stalks with a diameter > 15mm) + 2 x (number of medium stalks 

with a diameter > 10mm, but < 15 mm). Vertical error bars represent the standard error of the mean 

(n=4). Different letters represent significant difference as determined by Tukey’s HSD test (P≤0.05) 

within each sub-figure. 
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2.4 Discussion 

Autumn defoliation of asparagus impacted the acquisition of freezing tolerance, crown 

metabolite levels, spring emergence and yield. Defoliation had different effects on LT50 in the two 

years of the experiment; in 2015 defoliation increased values, or decreased freezing tolerance, while an 

opposite effect was observed in 2016. In both years, rhizome proline concentration, and storage root LF 

and HF concentrations were reduced consistently compared to controls on subsequent sampling dates 

after mid-August defoliation. Increased sucrose concentration after defoliation was associated with 

improved freezing tolerance in 2016. Some treatments also delayed emergence and reduced yield in the 

subsequent season. 

The discrepancy between years for response to defoliation, decreasing and increasing freezing 

tolerance in 2015 and 2016, respectively, may be related to varying growing conditions. The climate of 

2016 likely stressed plants with drought, while the 2015 had adequate rainfall. Since both freezing and 

drought tolerance share common physiological processes (Shinozaki and Yamaguchi-Shinozaki, 1996), 

defoliation, drought stress, and cold acclimation may have interacted to produce the results observed in 

2016. Notably, levels of proline, a compound associated with both freezing and drought tolerance 

(Verslues and Bray, 2006)  appeared greater in 2016 than 2015. 

In 2015, mid-August defoliation increased LT50 values and freezing tolerance decreased. The 

effect was associated with decreased concentrations of many cryoprotective compounds, including 

proline, LF and HF, and increased water percentage which are consistent with previous studies in 

asparagus (Kim and Wolyn, 2015; Landry and Wolyn, 2011; Panjtandoust and Wolyn, 2016a).  

Although mid-September defoliation did not affect LT50 values in 2015, levels for many of these 

compounds decreased compared to controls on specific sampling dates and were intermediate between 
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values for controls and the mid-August defoliation treatment, suggesting concentrations for some 

cryoprotective agents may have been above a critical threshold in controls to impart freezing tolerance 

on the plants.  . Autumn defoliation also decreased freezing tolerance in alfalfa (Haagenson et al., 

2003); protein and starch concentrations were reduced, however, those of cryoprotective root sugars 

increased. Interpretation of these results are confounded by the normal conversion of starch to sugars. 

In a separate study, fall harvest of  alfalfa did reduce sugars, as well as amino acids and soluble 

proteins (Dhont et al., 2004).  

Temporal patterns and concentrations of cryoprotective metabolites during the sampling period 

were generally similar between years for defoliation treatments, with decreased levels of compounds 

often proportional to the earliness of defoliation. The increased freezing tolerance from defoliation in 

2016 was inconsistent with most metabolic profiles except sucrose concentration in the rhizome, where 

levels for defoliation treatments were greater than those of the control only in 2016. Since LT50 levels 

were most correlated with rhizome traits in past asparagus studies (Panjtandoust and Wolyn, 2016a; 

Panjtandoust and Wolyn, 2016b) the increased defoliation-induced sucrose concentrations may be 

responsible for the unexpected enhancement of freezing tolerance. 

Water percentage of both rhizomes and storage roots decreased in control plants acclimated 

during the fall, consistent with previous results in asparagus (Panjtandoust and Wolyn, 2016a) and 

other crops (Clifton-Brown and Lewandowski, 2000; Fowler and Carles, 1979).  For plants 

defoliated in mid-August, rhizome water percentage decreased from mid-September to mid-November, 

however, values for storage roots did not change. Failure of the storage roots to dehydrate is likely 

related to the lack of translocated carbohydrates and decreasing fructan concentrations from 

metabolism prior to dormancy. In bromegrass, the amount of water in cells (mg per million cells) did 

not change with cold acclimation, rather water percentage decreased from dry matter 
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accumulation.(Tanino et al., 1990).  Decreasing water percentage for rhizome tissue in defoliated 

asparagus could be explained by metabolite translocation from storage roots. Both proline and sucrose 

concentrations increased in rhizomes of defoliated plants during the autumn and could have contributed 

to decreasing water percentage. Interestingly, both HF and LF concentrations did not change in 

rhizomes to affect the trait. 

Rhizome proline concentrations increased during the sampling period in both control plants and 

those defoliated in mid-August and mid-September. Levels for defoliated plants, however, were lower 

than those of the control, and those for the mid-September treatment were intermediate, between values 

for controls and the mid-August treatment. The presence of fern appears necessary to optimize proline 

concentration, however, increasing values during the autumn in the absence of fern suggests the crown 

alone is sensing decreasing soil temperatures and acclimating to some level independent of above-

ground conditions. 

 For plants defoliated in mid-August, rhizome nitrogen percentages on subsequent sampling 

dates were lower than values for the control. The differences resulted from the percentage remaining 

constant in the treatment and increasing in the control. In storage roots, nitrogen percentage was greater 

for the mid-August defoliation treatment on subsequent dates compared to the control, however, levels 

for each treatment did not change during the sampling period. Decreased nitrogen percentage observed 

in the rhizome was expected since the removed fern cannot translocate this element to the crown. 

Increased percentage in storage roots may be a result of decreased fructan levels, altering the root dry 

weight and indirectly increasing levels. Although fructan concentrations also decreased in rhizomes 

from defoliation, values were lower than those in the storage roots and probably had a minimal 

influence on dry weight. Decreasing root nitrogen percentage has also been observed with defoliation 

in alfalfa (Dhont et al., 2006).  
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Mid-August and mid–September defoliation in both years and the mid-October treatment in 

2016 had a negative effect on yield estimates in the following season. These observations are supported 

by decreases in fructans, the most abundant storage carbohydrate in the crown (Wilson et al., 2001b), 

and most notably losses of HF in the storage roots. Mid-August defoliation also delayed spear 

emergence the following spring in both years, while the mid-September treatment had an effect only in 

2016. In Michigan, spring yields of asparagus following autumn defoliation in late-September were 

lower than those of the control, but a mid-October treatment had no effect (Kelly and Bai, 1997). 

Differences with results reported here could be explained by studies conducted on mature plants in 

Michigan, established for 5 yr, compared to defoliating plants in the second growing season in this 

experiment. In alfalfa, a third fall defoliation (ie. cut) in early-September, late-September or mid-

October also reduced the yield of the first harvest the following year compared to fields that were only  

harvested twice (Dhont et al., 2004).  

 Overall, growing season affected the acquisition of freezing tolerance in response to defoliation 

during fall acclimation in asparagus. In 2015, mid-August defoliation decreased freezing tolerance 

while treatments in mid-September and -October had no effect; LT50 levels were generally consistent 

with concentrations of several cryoprotective metabolites. With warm and dry conditions in 2016, 

defoliation in mid-August, -September and -October increased freezing tolerance, however, only 

changes in rhizome sucrose concentration supported observations. All defoliation treatments generally 

decreased yield the subsequent season which was associated mostly with diminished HF in the storage 

roots. Since mid-September and mid-October defoliation treatments did not affect freezing tolerance in 

2015 when climate likely did not stress plants, the perception of signals to induce fall acclimation may 

have occurred late in the summer such that fern was not required thereafter. The ability of crowns 

defoliated in mid-August to increase proline concentration in subsequent months, suggests the plant 



 

 

56 

 

could also be acclimating partially through the sensing of soil temperatures in the absence of fern. 

Further research to study the interaction of cold acclimation and drought stress is warranted. Although 

the effects of defoliation to decrease freezing tolerance were minimal, loss of yield the following 

season was observed and associated with early fern removal. Defoliation before complete senescence in 

order to harvest seed, minimize disease inoculum for the subsequent seasons, or implement certain 

cultural practices will likely reduce crown vigor that, with repeated practice, could compromise the 

profitability and longevity of a plantation. 
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CHAPTER 3: OVERALL DISCUSSION AND CONCLUSIONS 

3.1 Impact of Autumn defoliation 

Autumn defoliation of asparagus was investigated over two years to explore the potential roles 

of the fern on acquisition of freezing tolerance in the crown. The fern has been shown previously to 

respond to photoperiod changes and affect carbon partitioning (Woolley et al., 2001) however the 

effects of cold and acclimation response have not been studied.  Decreasing daylength in the autumn, 

sensed in the fern, could be an important component for cold acclimation in the crown. Resources 

translocated from the fern during senescence may be cryoprotective or converted into cryoprotective 

compounds in the crown. In one experiment, defoliation in August reduced freezing tolerance, 

however, an opposite trend was observed in a replicate experiment the subsequent year where 

defoliation in August, September and October increased freezing tolerance likely due to an interaction 

with drought. Increased rhizome sucrose appears to explain this increased freezing tolerance.  In the 

spring following defoliation, a reduction in yield was seen, which appeared to correspond to the fructan 

concentration of storage roots. Additional research and considerations of alternative methodology will 

be important to understand freezing and drought stress and their interactions. 

For the first replicate experiment in 2015, only August defoliation resulted in a decrease in 

freezing tolerance, while defoliation in September and October did not differ from the control. This was 

associated with reduced proline, LF and HF and increased water percentage. These compounds have 

been known to have a cryoprotective function and a reduced amount appears to explain the decrease in 

freezing tolerance (Livingston et al., 2009). Defoliation in September did not lead to a loss in freezing 

tolerance even though the fern was green.  Metabolite levels were generally reduced after defoliation in 

September compared to the control indicating that cold associated metabolites may have reached an 
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adequate level to impart freezing tolerance by September.  

For the second replicate experiment in 2016, an opposite trend was observed with plants 

defoliated in August, September and October all showing increased freezing tolerance compared to the 

control which was associated with elevated rhizome sucrose concentration. Varying field conditions in 

2015 and 2016 may explain the different trends in freezing tolerance and cold associated metabolites; 

2016 was dry with half the autumn rainfall of 2015. Drought stress symptoms such as increased proline 

and decreased chlorophyll were observed in 2016.  

Drought, salinity and freezing temperatures all result in similar dehydration stresses and 

responses in cells (Shinozaki and Yamaguchi-Shinozaki, 1996). Cellular dehydration leads to a 

decrease in membrane integrity leading to leaking of solutes, loss of cellular compartmentalization and 

ultimately cell death. Responses to cellular dehydration are similar regardless of the causal 

environmental stress and include stabilization of the membrane bilayer through association with 

proteins and osmolytes, and accumulation of osmolytes to prevent cellular water loss.  

Cross tolerance between drought, salinity and cold temperatures has been observed in other 

plants. Exposure of mustard seedlings to 6 °C temperatures for 5.5 hr caused an increase in salinity and 

drought tolerance (Hossain et al., 2013).  This cold treatment prior to exposure of salinity and drought 

also resulted in an increase in antioxidants compounds and enzymes including ascorbate, glutathione, 

superoxide dismutase and catalase. Leaves of Larrea tridentate subjected to drought stress had 

increased freezing tolerance compared to the control (Medeiros and Pockman, 2011). 

Autumn defoliation of alfalfa in mid- October in Indiana resulted in reduced winter survival and 

spring vigor. Cryoprotective metabolites were reduced in response to defoliation. Protein, amino-N and 

starch decreased in December, but cryoprotective sugars were increased (Haagenson et al., 2003). 
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Autumn defoliation in September in eastern Canada reduced root dry weight, starch, sucrose, amino 

acids and proteins in both November and the following spring (Dhont et al., 2004). Alfalfa root cold 

acclimation response gene transcripts were observed in defoliated plants also indicating the crown can 

undergo acclimation in the absence of the foliage.  Asparagus rhizome proline increased throughout the 

defoliation period in all treatments. Defoliated plants showed decreased proline levels, with August 

defoliated plants having the lowest values. Increasing values in all treatments suggest the crown in 

absence of the fern is acclimating at the same time as undefoliated controls.  

Timing of autumn defoliation affected the magnitude of yield loss the following season. August 

defoliation had the greatest effect, followed by decreased yield reductions for September and October 

treatments. Photoperiod has been shown to cause an alteration in the carbon partitioning of asparagus, 

with increased carbohydrates sent to the root system during short photoperiods observed in autumn 

(Woolley et al., 2001). August defoliation, which had the greatest yield reduction, was conducted when 

daylength was approximately 13 hours, a photoperiod under which the change in carbon partitioning 

has not yet begun (Bohlender, 2018). Defoliation prior to this change in day length will have the 

greatest yield reduction in the following year as carbohydrates have not begun to accumulate in the 

crown.  

Over all, remobilization of resources during senescence are important for recharging the 

asparagus crowns for the next season’s growth. Inhibiting late season photosynthesis and resource 

remobilization during senescence reduced yield and should be avoided. The decrease in high molecular 

weight fructan concentration of storage roots corresponded to the intensity of the defoliation treatment. 

Fructans are the main storage carbohydrate in asparagus, so a reduction in fructan is expected to reduce 

yield (Pressman et al., 1993). October defoliated plants and control plants showed no difference in high 

molecular weight fructan concentration but did show a yield difference. This difference may be 
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attributed to overall biomass of storage roots which was not measured, but could lead to a difference in 

total fructan content.  

3.2 Alternate Methodologies 

Several methods exist for measuring the LT50 of plants in both the field and controlled 

environments. In this study, plants harvested from the field were exposed to increasingly cold 

temperatures in a chest freezer and removed at set temperatures. Regrowth of the plants was observed 

in the greenhouse to determine freezing damage for each temperature treatment. Survival of the plants 

was then used to estimate the LT50. This method is a reliable direct measurement of freezing tolerance 

and requires a large amount of labour, plant material, and greenhouse space to monitor regrowth. Other 

methods for measuring the LT50 of plants exist, which may be more accurate and require less plant 

tissue, time and space than the method used in this study. Differential thermal analysis  has been used 

successfully in buds of Vitus vinifera  to measure LT50 (Mills et al., 2006). When water freezes a small 

amount of measurable heat is released, detected as a small spike, allowing for measurement of the 

temperature at which the solution freezes.  

Freezing of plant tissue occurs in two phases, first the extracellular water freezes then the 

intracellular water freezes at a decreased temperature. The freezing of the extracellular water is referred 

to as the high temperature exotherm, while the freezing of the intracellular water is the low temperature 

exotherm (LTE). Both the high temperature and low temperature exotherms can be detected as a small 

increase in temperature. Only freezing of the intracellular water is considered lethal. The LTE has been 

shown to correlate with tissue injury and death in grapes (Pierquet and Stushnoff, 1980) and can be 

used to calculate the LT50 values of populations.  This method could be adapted to measuring asparagus 

LT50 as it uses less tissue than that required for other methods, identifies the exact lethal temperature, 
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and does not require regrowth in the greenhouse. 

Any method that calculates LT50 based on a specific tissue must take into account that different 

tissues within a plant can have different LT50 values. Landry and Wolyn (2011) measured LT50 of 

asparagus storage roots of two different cultivars using electrolyte leakage. No difference in freezing 

tolerance was observed between the two varieties. The high content of fructans and sugars within the 

storage roots was believed to give the storage roots a higher freezing tolerance compared to the 

rhizome. Even in this study during greenhouse regrowth following controlled freezing, several storage 

roots were observed to be healthy and sprouting new feeder roots, while the rhizome was completely 

dead.  

  Various methods can be used for measurement of cold related metabolites including GC-MS, 

LC-MS, and enzyme assays. Colorimetric enzyme assays used in this study are commonly employed, 

reliable and do not required specialized equipment or software to quantify target metabolites. 

Chromatography tandem mass spectrometry methods may provide high throughput analysis of many, 

cold-associated metabolites including carbohydrates, amines and organic acids (Cook et al., 2004). 

Liquid chromatography has been shown to provide good detection of water-soluble compounds. Gas 

chromatography is best suited for low- molecular -weight or volatile compounds.  Both GC-MS and 

LC-MS methods have been used to explore the low temperature metabolome of Arabidopsis and other 

important crops. Results consistently show a large shift in the metabolome with hundreds of 

metabolites increasing or decreasing. These changes are believed to be due to a reduction in growth and 

an increase in freezing tolerance (Guy, 1990)  

3.3 Conclusions 

Overall, cold acclimation of asparagus was effected by growing season and defoliation. Only 
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plants defoliated in mid- August 2015 showed a reduced freezing tolerance. Metabolite profiles and 

spring regrowth suggest that these plants were able to acquire freezing tolerance and survive the winter 

even in the absence of the fern. The importance of fern senescence for maintaining high yields the 

following year was also shown. Removal of the fern prior to complete senescence had a negative 

impact on yield the following year.  The unexpected increase in freezing tolerance caused by autumn 

defoliation may show a complex interaction between drought and freezing tolerance. In the laboratory, 

many examples of cross tolerance between these environmental stresses exist. Few examples in the 

field have been documented and additional research into these interactions is needed. Future 

experiments can include examining any interaction between drought and cold stress in asparagus and 

the impact of photoperiod on cold acclimation in asparagus. Freezing tolerance of asparagus was not 

found to be different after exposure to varying photoperiods, however a gradual reduction in 

photoperiod over the fall period may have an effect.  

Defoliation prior to full senescence of fern had a minimal impact on freezing tolerance, but 

yield loss the following seasons were associated based on the timing of defoliation. Early defoliation 

for seed harvest, reduction of pathogenic spores, or for other cultural practices is expected to reduce 

vigor the following year. These reductions may be cumulative over many years of defoliation. Multiple 

experiments have demonstrated that late fall defoliation of asparagus and alfalfa have reduced yields 

the following year.  
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APPENDIX A: ANOVA TABLES 

 

Table A1: REML covariance parameter estimates for rhizome (RZ) and storage root (SR) physiological and metabolic parameters 

among defoliation and sampling treatments in the fall 2015 

  LT50 Water%
RZ 

Water% 
SR 

Proline 
RZ 

Proline 
SR 

Sucrose 
RZ 

Sucrose 
SR 

LF RZ LF SR HF RZ HF SR N% RZ N% SR 

Random Effect df Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z 

Block 3 - - 0.2069 0.2504 0.2372 0.3924 0.1904 0.1367 - 0.1423 0.2104 - 0.1885 

Block* Treatment 27 0.0038 0.3477 0.1510 0.0370 0.1485 <0.0001 0.0054 <0.0001 0.4999 0.0002 <0.0001 0.4747 0.0943 

Residual 1 - <0.0001 <0.0001 - - - - - 0.5000 - - - - 

Fixed Effect df Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F 

Treatment 9 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
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Table A2: REML covariance parameter estimates for rhizome (RZ) and storage root (SR) physiological and metabolic parameters 

among defoliation and sampling treatments in the fall 2016 

  LT50 Water% 
RZ 

Water% 
SR 

Proline 
RZ 

Proline 
SR 

Sucrose 
RZ 

Sucrose 
SR 

LF RZ LF SR HF RZ HF SR %N RZ %N SR 

Random Effect df Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z 

Block 3 0.3784 0.1469 0.2381 0.2838 0.2744 0.1476 - 0.1744 0.3552 0.1470 - - - 

Block*Treatment 27 0.0027 0.0188 0.1612 0.0087 0.2277 <0.0001 <0.0001 < 0.0001 <0.0001 0.0002 <0.0001 0.4659 0.4413 

Residual 1 - <0.0001 <0.0001 - - - - - - - - - - 

Fixed Effect df Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F 

Treatment 9 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
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Table A3: REML covariance parameter estimates for Emergence 50 (the time 50 percent of plants emerged) in 2015 and 2016. 

  E50 (2015) E50 (2016) 

Random Effect df Pr>Z Pr>Z 

Block 3 - - 

Residual 9 0.0307 0.0072 

Fixed Effect df Pr>F Pr>F 

Treatment 3 0.0029 <.0.0001 
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Table A4: REML covariance parameter estimates for LMFI in 2015 and 2016. 

  LMFI (2015) LMFI (2016) 

Random Effect df Pr>Z Pr>Z 

Block 3 - - 

Covariate 1 1 0.4362 0.0841 

Covariate 2 1 0.0716 0.4651 

Residual 8 0.0307 0.0169 

Fixed Effect df Pr>F Pr>F 

Treatment 3 0.0005 0.0045 

 


