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ABSTRACT 
 

COLD-ACCLIMATION ATTRIBUTES AMONG GENOTYPES OF 

ASPARAGUS (ASPARAGUS OFFICINALIS L.) UNDER CONTROLLED AND 

FIELD CONDITIONS 
 

JaeJoon Kim       Advisor:  

University of Guelph, 2014     Professor David J. Wolyn 

 

 

Winterhardiness is important for asparagus grown in temperate regions. To improve the trait 

through breeding, genetic variation and reliable selection methodology are required. Seedlings of 

three cultivars with varying adaptation to Southern Ontario were acclimated under different 

combinations of temperature and photoperiod, and freezing tolerance and metabolites were 

assessed. Only low-temperature induced freezing-tolerance, cultivar response varied consistently 

with field longevity observations, and the trait was correlated with chlorophyll concentration, 

crown dehydration, and crown proline and high-molecular-weight fructan (HF) concentrations. 

In a field study, germplasm acclimated under natural conditions varied for metabolites associated 

with freezing tolerance, including storage root and rhizome percentage water, and concentrations 

of fern chlorophyll, storage root glucose, sucrose, and proline, and rhizome HF. Narrow-sense 

heritability estimates were moderate for fern chlorophyll, rhizome glucose and sucrose, and 

storage root proline concentrations. Improving winterhardiness in asparagus may be possible 

through selecting heritable traits in a seedling assay.  
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1  GENERAL INTRODUCTION 

Asparagus (Asparagus officinalis L.) is a spring vegetable and a perennial species. The above 

ground fern is shed annually in the fall, during a process called senescence, and the crown 

becomes dormant underground to overwinter. In spring, the energy reserves in the storage roots 

are used to grow spears for harvest and subsequently mature ferns. Throughout the summer, the 

energy produced from the photosynthetic activities of the fern replenishes the storage root 

carbohydrates to support spear harvest the following year. 

In Canada, approximately 80% of domestic asparagus is produced in Southern Ontario, one 

of the coldest growing areas of the world, where winter air and soil temperatures can decrease to 

-20°C and -5°C, respectively (Weather Government of Canada). Consequently, adapted cultivars 

must cold acclimate in the fall, and demonstrate freezing-tolerance not only in the winter, but 

also during freeze-thaw cycles of early spring. 

During the fall, decreasing daylengths, and low, non-freezing temperatures, followed by sub-

freezing initiates cold-acclimation, which results in freezing-tolerance (Howell and Weiser, 1970; 

Weiser, 1970). Inadequate acclimation to these conditions may negatively affect the yield and 

longevity in subsequent years. During cold-acclimation, many assimilates, including 

carbohydrates and nitrogen are transported from the fern to the root, and root dehydration occurs. 

Also, cryoprotective agents, such as proline, simple sugars, and oligosaccharides accumulate in 

the root (Fowler and Carles, 1979; Patton et al., 2007bc). 

Low temperature has been shown to play an important role in controlling the seasonal growth 

cycle of asparagus, including the induction of senescence (Pressman et al., 1989; Guy, 1990; 

Krug, 1996). Two cultivars grown in Southern Ontario, Guelph Millennium (GM) and Jersey 
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Giant (JG), differ for patterns of fall senescence and longevity. The fern of GM senesces earlier 

than that of JG, which is often green at the first killing frost. Because GM has greater longevity 

than JG in commercial fields, Landry and Wolyn (2011b) hypothesized that delayed fern 

senescence in JG resulted in both insufficient cold-acclimation and freezing-tolerance, which 

weakened plants and resulted in reduced long-term yields. In field studies, cold-acclimated GM 

crowns had less rhizome percent water and sucrose, and greater low-molecular weight 

carbohydrates than JG, supporting a hypothesis of greater winterhardiness in GM. 

To breed for improved winterhardiness in asparagus, a seedling assay could be beneficial, 

eliminating yearly environmental fluctuations and technical difficulties when assessing large, 

field-grown crowns. Landry and Wolyn (2011a) compared JG and GM seedlings for 

winterhardiness attributes when grown under two acclimation treatments: cold-acclimation (12 

hr photoperiod, 10/5oC day/night) for six weeks, or cold-acclimation followed by 5 days of sub-

freezing (3/-3oC, 12/12hr in darkness). Cold-acclimation induced greater chlorophyll loss in GM 

than JG, consistent with field observations in the fall. LT50 (temperature at which 50% of plants 

die) values were approximately -8oC for both cultivars after cold-acclimation; however, sub-

freezing decreased JG’s freezing-tolerance, while that for GM did not change. The loss of 

freezing-tolerance in JG was associated with less senescence and proline, protein and reducing 

sugar concentrations, compared to GM. 

The seedling assay developed by Landry and Wolyn (2011a) demonstrated that cultivars 

could be differentiated for parameters related to cold-acclimation and freezing-tolerance, 

consistent with hypotheses based on observation of field-grown plants. To further develop and 

optimize a seedling assay, and to study the relationships between freezing-tolerance and 

physiological parameters, additional experiments are required to: (1) study the interaction of 
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temperature and photoperiod during cold-acclimation; (2) expand the diversity of genotypes 

studied by introducing a third cultivar UC157 (UC), which is bred for the mild winters of the 

California but unadapted to Southern Ontario; and, (3) identify biochemical and physiological 

predictors of winterhardiness. 

Development of a seedling assay could provide a direct means of selecting freezing-tolerant 

germplasm. It can also lead to the identification of indirect selection criteria, biochemical 

markers rather than LT50 measures, to select superior genotypes in either the field or under 

controlled conditions. Breeding for improved winterhardiness is dependent upon sufficient 

variability and heritability for traits. Thus, assessing these parameters in local germplasm will be 

important for successful improvement of winterhardiness in the University of Guelph breeding 

program. 

   The objectives and hypotheses for this research are: 

1. Objective 1 – Determine the freezing-tolerance attributes when seedlings of three 

asparagus cultivars (GM, JG and UC) are acclimated under factorial combinations of 

two temperatures and two photoperiods. The metabolites which may predict the 

plant’s ability to withstand cold, based on the previous studies conducted by Landry 

and Wolyn (2011ab), were assessed. 

Hypotheses - Acclimating seedlings at low-temperature will increase freezing-

tolerance and cultivars will differ: GM > JG > UC. Loss of chlorophyll and 

percentage water, as well as increased concentrations of proline, sugars and fructan 

will be associated with increased freezing-tolerance. Furthermore, a synergistic 

response for freezing-tolerance is expected when seedlings are exposed to both low-

temperature and short photoperiod. 
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2. Objective 2 – Determine the cold-acclimation attributes of field-grown plants for 

breeding parents and hybrids from the University of Guelph research program. 

Changes in metabolites during fall and genetic variation among genotypes were 

determined. General and specific combining abilities and narrow-sense heritabilities 

were also estimated. 

Hypotheses – Cryoprotectant parameters, such as carbohydrates, and proline will 

increase in the fall in response to decreasing temperature and photoperiod and 

genotypes will vary significantly for these traits. Concentrations of freezing-

tolerance-related metabolites will be heritable. 
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2  LITERATURE REVIEW 

2.1.1  Phenology of asparagus 

The annual phenology of asparagus (Asparagus officinalis L.) can be divided into growth, 

maturity, and dormancy. Growth begins in the spring, when the ambient temperature increases 

above 2°C (Pressman et al., 1989), and continues until maturity in mid-summer. Senescence takes 

place during autumn as temperature falls below 15°C and dormancy is induced subsequently 

when the temperature further decreases below 0°C (Guy, 1990). 

In Southern Ontario, the emerging spears are harvested from early May to mid-June. If not 

harvested, the spear will further develop into a fern, consisting of a stem, branches and 

cladophylls, modified stems which becomes the principal photosynthetic organ for the plant 

(Blasberg, 1932). Energy harvested by the fern and carbohydrates are transported to the crown, 

which consists of the rhizome with buds and storage roots (Wilson et al., 2008). Buds are 

responsible for mobilizing the energy reserves from the storage root to form spears in the early 

spring. Carbohydrates are depleted from the storage roots during the spear harvest and fern 

growth, but roots are recharged with carbohydrates after the maturation of the fern (Pressman et 

al., 1993). 

In the 1980s, it was generally accepted that during the dormant period (winter) the 

carbohydrate content of asparagus crowns did not decline significantly (Haynes, 1987; Shelton 

and Lacy, 1980). However, a study conducted by Pressman et al. (1993) demonstrated a steady 

decrease in the fructan content from the storage root during the winter, when up to 30% of the 

maximal fructan content was lost. This loss in fructan content may be attributed to the continuous 

metabolism (maintenance respiration) in the root system, as the crowns were planted under 
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relatively moderate winter conditions when compared with the cold winter conditions of the prior 

studies. Pressman et al. (1993) also compared the fluctuation of storage root fructan over a full 

year in two asparagus cultivars. One cultivar consistently had higher carbohydrate and fructan 

concentrations, which ultimately led to higher yield in the following spring, than the other. 

Nevertheless, the changing patterns of fructan concentration over the growth cycle in the storage 

roots were similar in the two cultivars. The fructan concentration increased as the fern matured 

and continued to increase until the fern senesced. Then, the carbohydrates continued to decrease 

through dormancy, spring harvest and fern growth periods. 

 

2.1.2  Yield 

Yield of asparagus is correlated with the availability of resources in the crown during harvest. 

The number of buds on the rhizome, which estimates the potential spear number during the 

harvest season, and carbohydrate content in the storage root, are both correlated with yield 

potential (Wilson et al., 2008). Since the carbohydrate content in the storage root depends on the 

duration of photosynthetic activity after the fern is developed fully (Ellison, 1986), removal of 

the fern canopy before senescence is negatively correlated with yield in the following year (Bai 

and Kelly, 1999b). In addition, male asparagus plants yield more than female plants because of 

the large allocation of photosynthates to seed production in females (Ellison et al., 1990). 

 

2.2.1  Winterhardiness 

Throughout evolution, plant species have adapted a number of physiological and 

morphological changes through natural selection in order to cope with the extended cold period 

of winter (Guy, 1999). Winterhardiness is the ability of a plant to sustain above and/or below 
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ground systems throughout winter (Graham and Mullin, 1976), and can be divided into three 

phases: 1) acclimation 2) mid-winterhardiness, and 3) deacclimation. The first phase, acclimation, 

is triggered late during the growing season due to: 1) shortening of daylength; and, 2) decrease of 

temperature to near-freezing (Fuchigami et al., 1971; Irving and Lanphear, 1967). Changes in 

physiological and biochemical factors, including dehydration occur, leading to increased 

freezing-tolerance (Pressman et al., 1989; Guy, 1990). The second phase, mid-winterhardiness, is 

the period at which the plant is the most tolerant to cold. Root extension and shoot elongation 

discontinue and buds become dormant. Most importantly, the plant becomes resistant to sprouting 

with sudden winter thaws and remains dormant until spring (Arora and Rowland, 2011). In the 

final phase, deacclimation, the hardiness of plant tissues decreases and above and below-ground 

systems begin to uptake water to prepare for growth resumption in response to rising 

temperatures in the spring. At this time, the plant is also most vulnerable to late winter frosts 

(Kalberer et al., 2006). The maximum freezing-tolerance during the mid-winterhardiness phase 

and the timing and rates of acclimation and deacclimation in response to environmental cues are 

equally important for winterhardiness (Kalberer et al., 2006). 

 

2.2.2  Cold-acclimation 

The first stage of winterhardiness, cold-acclimation, results from exposing plants to low-

nonfreezing temperatures (Howell and Weiser, 1970); cryoprotectant agents such as sugars, 

proline and dehydrin proteins are produced (Patton et al., 2007bc). Although cold-acclimation is 

mostly affected by low, non-freezing temperatures in many species, initiation through decreasing 

photoperiod has been reported, especially in woody plants (Weiser, 1970; Li et al., 2002). 

Therefore, adequate sensitivity of the plant to photoperiod and temperature is crucial for 
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increasing freezing-tolerance prior to early frosts in the late fall, and accumulating necessary 

nutrients in the crown to prepare for winter and spring (Cunningham and Volenec, 1998). The 

ability of a plant to initiate and increase freezing-tolerance via cold-acclimation is under strict 

genetic control (Guy, 1999), and it is therefore subject to genetic improvement (Landry and 

Wolyn, 2011ab). 

 

2.2.3  Effect of Light 

Decreasing photoperiod in the fall significantly influences acquisition of freezing-tolerance in 

woody plants and shrubs; however, the effect is observed in only a limited number of herbaceous 

perennials (Irving and Lanphear, 1967; Gusta et al., 2001). In early-autumn, developmental 

programs of woody plants are initiated that ultimately causes the cessation of growth and an 

increase in freezing-tolerance (Maibam et al., 2013), including decrease in stem growth, growth 

cessation, setting of buds, onset of cold-acclimation and preparation for dormancy (Nitsch, 1957; 

Howell and Weiser, 1970; Fuchigami et al., 1971; Weller and Kendrick, 2008). In some species 

(grape vine, silver birch) short-photoperiod and low-temperature were required to fully develop 

freezing-tolerance, indicating that the combination of these two environmental cues has a 

synergistic effect on the trait (Schnabel and Wample, 1987; Li et al., 2002). Sensitivity to 

photoperiod has been documented to occur through the action of phytochrome (Olsen et al., 

1997; Welling et al., 2004). In a study comparing wild-type aspen with a transgenic hybrid 

overexpressing the PHYTOCHROME A gene, both grown under short daylengths, the transgenic 

hybrid was unable to sense photoperiod and demonstrated decreased freezing-tolerance, and low 

levels of dehydration and dehydrin proteins (Welling et al., 2002). 

In barley mutants, albino and xanthan, defective in chlorophyll development and an ability to 
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detect light, only 11% of cold regulated genes were expressed compared to wild type, and 67% of 

cold-regulated genes observed in wild-type were not expressed in both mutants, suggesting light 

is important in the development of cold-tolerance (Svensson et al. 2006). In alfalfa (Medicago 

sativa) freezing-tolerant cultivars perceived photoperiod and those that were susceptible did not; 

the genetic basis for freezing-tolerance was photoperiod perception (McKenzie et al., 1988; 

Cunningham et al., 1998). Freezing-tolerance of Arabidopsis thaliana has been shown to be 

regulated by photoperiod (Lee and Thomashow, 2012). Plants grown under short-photoperiod 

(8hr) had significantly higher freezing-tolerance than those that were grown under long-

photoperiod (16hr). Short-photoperiod also induced high expression levels of genes associated 

freezing-tolerance while long-photoperiod repressed expression.  

Although low-temperature has been shown to be a dominant factor in controlling the seasonal 

growth cycle of asparagus (Pressman et al., 1989), the influence of photoperiod has only been 

tested with respect to flowering patterns (Krug, 1996). In a study to determine the effect of 

daylength on carbohydrate partitioning in asparagus seedlings, where treatments were adjusted 

for total radiation, significant increases in fern dry weight were observed in seedlings grown with 

a 15.5hr daylength, while increased carbon partitioning to storage roots was observed in seedlings 

with a 14hr daylength (Woolley et al., 2002). 

 

2.2.4  Effect of Low-temperatures 

In addition to photoperiod effects, decreasing temperature can accelerate cold-acclimation 

(Fracheboud, et al., 2009), increasing both the production of cryoprotectants described above, and 

the level of unsaturated lipids, and tissue dehydration to increase freezing-tolerance (Fowler and 

Carles, 1979; Patton et al., 2007bc). Low-temperature affects the stability and the solubility of 
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proteins, thus disturbing metabolism (Siddiqui and Caviocchioli, 2006). Low-temperature also 

induces rigidification of membranes which affects opening of ion channels, and electron transfer 

reactions (Ruelland et al., 2009). Exposure of plant cells to sub-zero temperatures also induces 

extracellular freezing, creating negative water potential from the growing ice crystal and cell 

dehydration (Dowgert and Steponkus, 1984). As temperature decreases and ice continues to grow, 

it can penetrate into cells (Gusta et al., 2004), deteriorating intracellular structures and resulting 

in tissue death. To prevent cellular damage, stored polysaccharides hydrolyze into simple 

cryoprotective sugars such as sucrose, glucose and raffinose (Yoshida et al., 1997) and water is 

bound by hydrophilic compounds, such as dehydrin proteins (Herman et al., 2006). 

Low-temperature also affects photosynthesis. For example, when plants are exposed to near-

freezing temperatures, sucrose synthesis in the cytosol is inhibited, leading to an increase of 

phosphorylated intermediates and the depletion of available inorganic phosphate, required in both 

the cytosol and chloroplast. Adenosine triphosphate (ATP) synthesis, necessary for the 

regeneration of ribulose-1, 5-bisphosphate to maintain CO2 fixation, is attenuated (Furbank et al., 

1987; Hurry et al., 2000). Guo et al. (2002) found a decrease of photosynthetic activities in 

asparagus with a reduction in temperature, further supporting this theory. In addition low-

temperature increases the viscosity of the thylakoid membrane, which restricts the diffusion of 

plastoquinone, inhibiting the thylakoid electron transport chain (Griffith et al., 1984). 

Krug (1996) conducted an experiment to determine the effect of temperature on fern 

senescence using one-year-old asparagus crowns. Consistent with Pressman et al. (1989), 

yellowing and dying of the fern was observed when plants were exposed to 2-15°C; optimal fern 

senescence was observed at 5-12°C. Moreover, a diurnal temperature cycle during day and night 

had the same effect as the constant exposure to an average of temperatures used for the diurnal 
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cycle. The growth temperature preceding the senescence temperature was also found to be 

significant for accelerating the fern senescence. Plants grown at high temperatures (25-30°C) 

prior to senescence showed earlier sign of fern discoloration in the inductive temperatures (2-

15°C), when compared to those grown under low temperature (15-20°C). 

 

2.2.5  Cold-Acclimation at the Molecular Level 

Numerous genes have been identified in plants responding to low-temperature (Gilmour et al., 

1998; Chinnusamy et al., 2003; Shinozaki et al., 2003). Cold-acclimation increases the freezing-

tolerance of plants by inducing a large set of genes classified as COLD-REGULATED 

(Thomashow, 1999). C-repeat binding factors, CBFs, are transcription factors that bind to the 

promoter region of cold regulated genes and are induced when plants are exposed to low-

temperature and undergo a process to increase freezing-tolerance (Chinnusamy et al., 2007). Fei 

et al. (2008) determined the expression patterns of CBFs in Arabidopsis thaliana using five 

genotypes, representing natural populations distributed in different climates with an annual 

average temperature ranging from 0.1°~18.9°C. A genotype with low LT50 was associated with 

the deletion of a promoter region coding for a protein that negatively regulates CBFs. This 

implies that different genetic background may have different influences on the plants’ ability to 

adapt to cold stress. 

 

2.3.1  Fern Senescence and Metabolites 

Fern senescence, an early sign of winter-preparation in many herbaceous plants grown in 

temperate zones, is a highly regulated process that involves degradation of macromolecules as 

well as transport of nutrients (Gan and Amasino, 1997; Lim et al., 2003). The timing of 
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senescence has an adaptive value; if the fern senesces too early in the season, the growth season 

is shortened and the accumulation of photosynthates in the crown is compromised. With late fern 

senescence, green fern will be prone to frost damage, preventing the transport of nitrogen to the 

below-ground crown, and negatively impacting growth the following spring (Haynes 1987; 

Nasholm et al., 1998). Therefore, optimum timing of senescence is a balance between the 

conflicting requirements for optimizing nitrogen and carbohydrate accumulation in the crown and 

undergoing cold-acclimation in the fall (Ingvarsson et al., 2006). 

In asparagus, the carbohydrate content in storage roots is used as a direct measure of expected 

spear yield in the spring (Wilson et al., 2008). Therefore, adequate accumulation is required prior 

to winter dormancy for maximum production (Pressman et al., 1993). Suzuki et al. (2002) found 

a significant loss of carbohydrate from cladophyll cells when the fern started to turn yellow. In 

addition, chloroplast destruction and subsequent reduction of sugar level in the fern coincided 

with increased levels of sugar in the storage roots (Suzuki et al., 2002). Fern senescence is also 

required for translocation of metabolites such as proline and nitrogen to the storage root, which 

are then remobilized for growth in the following season (Woolley et al., 2002). Landry and 

Wolyn (2011b) observed differential patterns of senescence in two asparagus cultivars, Guelph 

Millennium and Jersey Giant, studying 2-year old plants under field conditions and 10-week old 

seedlings under controlled environment conditions. Delayed initiation of senescence was 

observed for JG under field conditions in early November and was associated with higher crown 

percent water and lower nitrogen than that observed for GM. Under controlled conditions, GM 

plants treated with 10/5°C 12-hr day/night temperature for six weeks had significantly greater 

loss of chlorophyll in the fern and a consistently higher dry weight in the crown than JG. 
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2.3.2  Nitrogen 

Nitrogen is an important metabolite which greatly influences the productivity of asparagus 

spears and it is the predominant component in the fertilizer applied to this crop. It is stored as 

amino acids through the winter, and utilized for sprouting in the following season (Haynes, 1987). 

Ledgard et al. (1994) determined that approximately 90% of fern nitrogen was translocated to the 

crown by measuring radiolabeled nitrogen applied as fertilizer. This observation was supported 

by Landry and Wolyn, (2011a) where fern chlorophyll concentration was negatively correlated 

with the percent nitrogen in rhizome and storage root tissues during senescence. GM also showed 

higher total nitrogen content in the storage root than JG, which may be caused by the delayed 

senescence (nitrogen transport) of JG. This restricted transport of nitrogen in JG may explain its 

lower spear yield compared to that of GM in Southern Ontario. 

 

2.3.3  Carbohydrate 

In asparagus, fructan, a polymer of fructose, accounts for up to 90% of the total crown 

carbohydrates and serves as the main storage polysaccharide (Cairns, 1990). It is also known as a 

cryoprotectant, which may provide a direct mechanism for freezing-tolerance (Hendry, 1987). In 

general, fructans are divided into low-molecular weight (oligo-) and high-molecular weight 

(poly-) fructo-oligosaccharides (FOS), depending on the degree of polymerization (DP). A 

polymer with DP of 10 or less is classified as oligo-FOS and a polymer with DP of 11 or greater 

is named poly-FOS (Norio et al., 2007). Fructans found in asparagus have an average DP ranging 

from 13-16, but this can vary depending on the genotype, time of year, and the presence of 

abiotic and biotic stress factors (Pressman et al., 1989; Shiomi, 1992; Norio et al., 2007). During 

spring harvest, fructan from the storage root is hydrolyzed and mobilized for spear growth, and 
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the depleted storage roots polymerize and store fructan as the fern matures (Wilson et al., 2008). 

Woolley et al. (2002) used radio-labeled 14CO2 and the resulting photosynthates to describe 

carbohydrate allocation in asparagus. They found that the hydrolysis of long-chain fructans (poly-

FOS) provided the major source of carbohydrate for spear growth, whereas the short chain 

fructans (oligo-FOS) with DP ranging 3-4 are not actively hydrolyzed during spear growth. 

Moreover, the most recently synthesized carbohydrates accumulated in new storage roots are 

utilized first for spear growth. 

Like the other fructan-accumulating species, the maximal fructan content in the asparagus 

crown is observed at the end of summer, which is followed by a gradual decrease with the 

beginning of winter, continuing into spring (Pontis 1966; Cairns, 1992; Shiomi, 1992; Woolley et 

al., 1999). During dormancy when temperatures fall below 0°C, the carbohydrate concentration 

in the crown, mostly in the form of fructan, can decline by hydrolyzing polysaccharides into 

simple sugars, such as glucose, sucrose and raffinose (Taga et al., 1980; Pressman et al., 1993; 

Woolley et al., 1999; Gasecka et al., 2008). Of the accumulated simple sugars, sucrose, fructose 

and glucose have been reported as cryoprotectants, increasing freezing-tolerance (Allison et al., 

1999). In addition, simple sugars are used for crown respiration and spring sprouting (Norio et al., 

2007; Wilson et al., 2008). 

 

2.3.4  Proline 

In plants, proline accumulation is a prominent response to cold stress. Although studies of 

proline in asparagus are limited, those in other species can be insightful for understanding 

freezing-tolerance. In Arabidopsis, proline concentration increased two-fold after exposure to 

4°C for 4hr, and increased to 130-fold after 96-hr (Kaplan et al., 2007). While certain species 
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accumulate proline after a short exposure to cold stress, others require additional time to 

accumulate this compound. In rye, the proline content did not change during the first three weeks 

of cold treatment, but increased by 21-fold during the following three weeks (Koster and Lynch, 

1992). Kamata and Uemura (2004) observed differential accumulation of proline in three 

different cultivars of wheat during cold treatment. During the first week, all three cultivars 

showed a significant increase in proline concentration. However, further exposure to cold resulted 

in different profiles. The least freezing-tolerant cultivar showed no further increase in proline 

level while a continuous increase was observed in the other two cultivars, which were highly 

freezing-tolerant. 

Molecular studies have been conducted to elucidate the direct influence of proline on 

freezing-tolerance. In Arabidopsis, the skimo1 mutation, which results in a high accumulation of 

proline, improved the freezing-tolerance by 5.5°C in the absence of cold-acclimation (Xin and 

Browse, 1998). In addition Nanjo et al. (1999) repressed AtProDH, which encodes a protein 

responsible for proline degradation, using antisense transgenic lines. These plants showed 

reduced levels of AtProDH expression, resulting in higher accumulation of proline compared to 

wild-type and a positive correlation between the proline concentration and freezing-tolerance. 

The exact mechanism of freezing-tolerance in plants through proline accumulation has not 

been elucidated but a number of studies have postulated possible functions for protecting plants 

under various stresses: 

1) Protecting enzymes from denaturation (Nikolopoulos and Manetas, 1991). 

2) Stabilizing the machinery of protein synthesis (Kandpal and Rao, 1985). 

3) Regulating the cytosolic acidity (Venekamp, 1989). 

4) Inducing genes that have a proline-responsive element in the promoter region (Satoh et al., 
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2002). 

In a field study of two asparagus cultivars, proline concentration increased in storage roots 

during the autumn and was positively correlated with freezing-tolerance (LT50) (Landry and 

Wolyn, 2011b). A negative correlation was observed between proline concentration and percent 

water in the root, a predicted response, since proline is thought to increase with dehydrative stress 

(Singh et al., 1972). Interestingly, higher concentrations were found in the rhizome compared to 

storage root, although higher percent water was observed in the rhizome than storage roots. 

Landry and Wolyn (2011a) also conducted an experiment using 10-weeks old seedlings cold-

acclimated in controlled environments; GM showed a higher proline concentration than JG, while 

the percent water of both cultivars was similar (Landry and Wolyn, 2011a). This may indicate 

that proline accumulation is independent of dehydration (Taylor, 1996; Fischer et al., 1998). 

Therefore, further analysis to elucidate the relationship between proline and dehydration, and 

ultimately freezing-tolerance must be conducted. 

 

2.4  Field vs. Controlled Environment Testing 

Natural field environments can be ideal for studying freezing-tolerance because they include 

all complex interactions between photoperiod and air and soil temperatures, which are conditions 

difficult to replicate in controlled environments. However, outdoor experiments are subject to 

significant year and location effects, which could be controlled in growth chambers. Thus, 

differences in response can be observed when plants are acclimated under natural vs. artificial 

condition (Robertson et al., 1994, Wisniewski et al., 2006). A cold-acclimation protocol under 

controlled conditions that correlates with field results over several years and locations for 

multiple parameters, including LT50, would be ideal to effectively study freezing-tolerance and 
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select breeding materials improved for the trait. 

In general, plants grown in the field receive up to 12 times the light intensity compared to 

those grown in growth chambers, and the natural field light spectrum varies from summer to 

autumn compared with the constant spectrum in growth chambers (Dhanaraj et al., 2007). Plants 

in the field receive complex environmental cues due to diurnal temperature variations that 

fluctuate from day to day and across the autumn season. Soil mass is also large in the field, 

allowing it to hold heat, and buffer the effects of diurnal air temperature variation. Thus, field soil 

temperature can cool gradually, compared to the growth chamber soil temperature of pots that can 

be affected significantly by diurnal air temperature variation. Moving potted plants from a warm 

environment directly to a cold growth chamber could also evoke cold shock rather than a desired 

cold-acclimation response, resulting in erroneous data. 

Dissimilar results between field and controlled conditions were found when plants were 

induced to cold acclimate naturally and artificially, respectively. Wisniewski et al. (2006) found 

an increased expression of dehydrin proteins in peach when the plant was experiencing 

shortening of daylength under natural conditions during the autumn, but no significant increase of 

the same proteins when the plant was acclimated under controlled environment conditions. An 

experiment that compared the metabolite changes in winter cereal seedlings also showed 

contrasting results when the seedlings were cold-acclimated under either field or controlled 

environments (Svec and Hodges, 1972). A two to fourfold increase of cold-responsive 

metabolites, such as soluble carbohydrates, nitrogen, and amino acids, were found in seedlings 

acclimated under natural conditions compared to those acclimated under controlled environment 

conditions. 

In asparagus, GM senesced earlier than JG, under both natural and controlled environment 
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conditions (Landry and Wolyn 2011ab). In the field, GM lost chlorophyll (senescence) two weeks 

earlier than JG. In a growth chamber experiment, GM had significantly lower chlorophyll 

concentration compared to JG after 6-weeks of cold (non-freezing) acclimation. Although loss of 

chlorophyll concentration did not correlate to freezing-tolerance (LT50) of storage roots in the 

field or seedlings acclimated in growth chambers, high levels of assimilate transport to GM 

crowns during senescence is thought to result in high yield and longevity (Landry and Wolyn 

2011ab). 

 

2.5  Genetic variation 

Globally, scientists are developing asparagus lines that can grow at a range of different 

climate zones, including desert, Mediterranean and temperate (Roose and Stone, 1999; Landry 

and Wolyn 2011ab). Geoffriau et al. (1992) conducted an experiment assessing the genetic 

variation of agromorphological and isozymic data in 21 cultivars under field conditions. The 

main focus of the research was to determine the differential response of cultivars exposed to the 

same environment. Different cultivars had different protein expression profiles and 

agromorphologies, including number, height and diameter of stems, and the height of 

ramification. 

Estimates of genetic variation for cold-acclimation in asparagus are limited, however, 

assessments in other species can be insightful. In blueberries, a field experiment was conducted 

on five different genotypes and the rate of cold-acclimation was measured during the fall 

(Rowland et al., 2008). All genotypes reached maximum freezing-tolerance by mid-December, 

but genotypic differences were observed in initial freezing-tolerance, rate of acclimation, 

maximum freezing-tolerance and time required to attain maximum freezing-tolerance. Patton et 
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al. (2007a) conducted an experiment to assess cold hardiness among zoysiagrass (Zoysia spp.) 

genotypes and the relationship of carbohydrate and proline concentrations with the freezing-

tolerance. The grasses were treated with near-freezing temperature for four weeks to cold-

acclimate and LT50 was determined. Genetic variability was observed among genotypes for 

freezing-tolerance, and soluble sugars and proline concentrations increased during cold-

acclimation. LT50 was correlated with glucose, total reducing sugars, and proline concentrations. 

In alfalfa (Medicago sativa L), the accumulation of carbohydrates and nitrogen in roots during 

fall dormancy was assessed using genotypes with varying levels of cold hardiness (Cunningham 

and Volenec, 1998). Winter hardy cultivars contained high concentrations of sugars and soluble 

protein during winter, whereas high concentrations of starch were found in cultivars with low 

winterhardiness. Other studies on alfalfa found high levels of root dry matter, carbohydrates and 

dehydration were associated with winterhardiness (Haagenson et al., 2003; Dhont et al., 2006). 

Heterosis refers to the increased vigor of hybrids in comparison to their parents. Rohde et al. 

(2004) demonstrated a significant heterotic effect on the leaf-freezing tolerance in the F1 

generation of a cross between two different genotypes of Arabidopsis thaliana. The F1 generation 

showed a mid-parent heterosis in both the non-acclimated and cold-acclimated states. Best-parent 

heterosis was only found after cold-acclimation. The increased freezing-tolerance in hybrids 

correlated to the increased soluble sugar contents in the leaf. Significant increases in fructose, 

glucose, sucrose and raffinose concentrations were observed in the F1 plants after cold treatment 

as compared to the parental lines. 

In asparagus, Woolley et al. (2002) conducted an experiment using asparagus seedlings under 

environmentally controlled conditions to elucidate the effect of daylength on dry matter 

partitioning. The cultivar JG responded more abruptly than UC157 to reduced daylength, and 
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assimilates from the fern were transported to the root earlier in JG compared to UC157. This is 

significant because in Southern Ontario plants must be able to detect a decreased photoperiod as 

the initial signal to induce cold-acclimation. 

 

2.6  Combining Ability and Heritability 

Estimates of combining ability are important in plant breeding to determine breeding value of 

specific genotypes to improve a trait, for example winterhardiness (Griffing, 1956; Olfati et al., 

2012). General combining ability refers to a measure of the additive genetic variance, while the 

specific combining ability refers to a deviation from additivity. Crossing one parent to several 

others and measuring the mean performance of a series of hybrids allows estimation of the 

general combining ability for the parent. Thus, all hybrids have an expected value, which is the 

mean value derived from the two parents. Any deviation from this expected value, either positive 

or negative is the estimated specific combining ability. Therefore, from a statistical perspective, 

general combining ability is a main effect and the specific combining ability is the interaction of 

the main effects (Olfati et al., 2012). In studying combining ability, the diallel cross is the most 

commonly used experimental design, and involves crossing parents in all possible combinations. 

Sprague and Tatum (1942) first introduced the concepts of general combining ability and specific 

combining ability using corn in diallel analysis. 

 

2.7  North Carolina Design II and Parent-offspring Regression 

The North Carolina design II (NCII), originally developed by Comstock and Robinson (1948), 

is frequently used in plant breeding experiments to obtain estimates for components of genetic 

variance and heritability. Although it is very similar to the diallel cross procedure for plants with 
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perfect flowers, where all parents are crossed in all possible combinations, NCII is distinct and 

used when genotypes are used only as males or females. The NCII design produces both half-sib 

and full-sib families. Half-sib relationships exist for individuals within each female and male 

parental array, whereas each single-cross is a full-sib family (Hohls, 1996). Heritability, 

corresponding to selection among half-sib families can be estimated with either the male or 

female half-sib variance component, or the average of the two. 

An estimate of narrow-sense heritability (h2), which is the ratio of additive genetic variance to 

the phenotypic variance of individuals in the population, can be estimated by using parent-

offspring regression (Tenkouano et al., 2012). The regression coefficient is the proportion of 

parent-offspring covariance relative to the variance of the parent. The h2 is estimated using the 

slope of the regression line. 

There are two commonly used regression estimates (Fernandez and Miller, 1985): 

- For half-sib progenies that are regressed on a single parent, the regression slope is 

multiplied by two to estimate the h2. 

- For full-sibs, regressed on the mid-parent value, the regression slope is equivalent to h2. 
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3  EXPERIMENT 1: FREEZING-TOLERANCE ASSESSMENT FOR SEEDLINGS 

OF THREE ASPARAGUS CULTIVARS GROWN UNDER CONTROLLED 

CONDITIONS 
 

3.1  Abstract 

Asparagus (Asparagus officinalis L.) cultivars grown in Southern Ontario show different 

patterns of senescence in the fall, which may affect cold-acclimation and winterhardiness.  

Development of a method to screen seedlings for freezing-tolerance directly, or indirectly 

through metabolite analysis, would be useful in an asparagus breeding program. To study the 

induction of freezing-tolerance and association with metabolic parameters, ten-week old 

seedlings of three asparagus cultivars, GM, JG and UC were acclimated under factorial 

combinations of two temperatures (7 or 23°C ) and two photoperiods (8 and 16hrs), with or 

without 5 additional days of sub-freezing acclimation at 3/-3°C (12hr/12hr) in darkness. While 

photoperiod showed no effect on freezing-tolerance, low-temperature without sub-freezing 

acclimation increased freezing-tolerance of all three cultivars: GM > JG > UC. The additional 

sub-freezing increased LT50 values (decreased freezing-tolerance) for JG and UC, while those for 

GM did not change; JG and UC may be prone to freezing damage upon exposure to sudden 

freeze-thaw cycles. The cultivars differed for concentrations of fern chlorophyll, crown proline, 

and sucrose, as well as the crown percentage water. LT50 was highly correlated with crown 

percentage water, and chlorophyll, proline, sucrose, and high molecular-weight fructan 

concentrations, suggesting these traits can be used as indirect measures to breed for winterhardy 

cultivars. 
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3.2  Introduction 

Asparagus (Asparagus officinalis L.) originates from the eastern Mediterranean (Ellison, 

1986) and can be commercially cultivated in a wide range of climates, from the subtropical 

deserts of Peru to the temperate climates of Europe and North America. Southern Ontario is one 

of the coldest asparagus production areas in the world where air and soil temperatures can 

decrease to -20°C and -5°C, respectively. In this climate, proper cold-acclimation and induction 

of freezing-tolerance in the fall can be important for longevity of the crop. 

Herbaceous perennial species develop freezing-tolerance during the fall in stages as the result 

of metabolic changes in overwintering tissues (Smallwood and Bowles, 2002; Xin and Browse, 

2000). First, exposure of plants to shortening daylengths and near-freezing temperatures results 

in decreased growth rate, tissue dehydration and accumulation of storage reserves and 

cryoprotectants such as proline and dehydrin proteins in the crown (Patton et al., 2007b). During 

the second stage of freezing-tolerance acquisition, when plants are exposed to sub-zero 

conditions, high-molecular-weight carbohydrates are hydrolyzed into low-molecular-weight 

sugar “cryoprotectants”, and concentrations of protective proteins increase (Livingston 1996; 

Yoshida et al., 1997). 

The two most predominant asparagus cultivars grown in Ontario, Guelph Millennium (GM) 

and Jersey Giant (JG), show different patterns of senescence in the field (Landry and Wolyn 

2011 b). The fern of GM turns yellow in mid-October while those of JG can remain green until 

the first killing frost. GM also has longevity, maintaining high yields for many years, whereas JG 

yields often decline after a few seasons. The longevity of GM is hypothesized to result from 

timely senescence, cold-acclimation and the induction of freezing-tolerance. 

In growth chamber experiments, Landry and Wolyn (2011a) induced the different patterns of 
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senescence observed in the field by exposing seedlings to a 12 hr photoperiod and cool 

(10°C/5°C day/night) temperatures, and studied the association of LT50 values with biochemical 

parameters thought to be associated with freezing-tolerance. For plants that were cold-acclimated 

or cold-acclimated and then exposed to sub-freezing acclimation, GM showed increased 

freezing-tolerance compared to JG only after sub-freezing acclimation. High proline, protein, 

reducing sugar, and low-molecular weight fructan and non-structural carbohydrate 

concentrations were associated with the improved freezing-tolerance of GM. 

The ability to produce the difference patterns of senescence in Guelph Millennium and Jersey 

Giant under environmentally-controlled conditions (Landry and Wolyn, 2011a) and to detect 

differences in freezing-tolerance and associated biochemical parameters provided a baseline 

reference for further developing a growth chamber protocol to study the interaction of 

temperature and photoperiod during cold-acclimation, as well as develop a seedling screen for 

freezing-tolerance in a breeding program. Such a screen would be beneficial because field testing 

for winterhardiness is resource intensive due to the requirement for multisite testing and 

environmental variability. 

The objectives of this study were to refine a seedling screen for freezing-tolerance by 

studying the effects of photoperiod and temperature on the trait and associated biochemical 

parameters in cultivars with diverse adaptation to Southern Ontario. In addition to GM and JG, 

UC157 (UC), a California desert cultivar that dies within 3-4 years under local conditions was 

also studied. 
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3.3 Materials and Methods 

3.3.1  Plant Establishment 

Seed for cultivars JG and UC were obtained from Jersey Asparagus Farms, Pittsgrove, New 

Jersey, and those for GM were obtained from the Ontario Asparagus Growers Marketing Board 

(Simcoe, Ontario). Plants were first established by planting seeds in 288-cell plug trays in a 

greenhouse (23°C under natural light). After 3 weeks, thirty-six 98-cell “cone-tainer” flats (SC10, 

Stuewe and Sons Inc.; Corvallis, OR) were planted with one seedling per “cone-tainer” in a peat-

based soilless mix (Sunshine LC1, SunGro Horticulture Canada Ltd.; Seba beach, AB). Each 98-

cell flat was divided into three sections to accommodate 32 plants per cultivar. For each flat, 

cultivars were randomized among the three sections. Eighteen flats were placed in each of two 

separate greenhouses and were grown for 7 weeks under natural light at 25°±5°C. Raw water 

plus 250 ppm 20-8-20 commercial fertilizer (Plant products; Brampton, ON) was used for 

irrigation. Micronutrients (3g/100L water; Plant Prod chelated micronutrient mix; Brampton, 

ON) were applied three times throughout the growing period: 28 June, 8 July and 17 July. 

Replicate experiments were planted on 4 May 2011 and 4 May 2012. 

 

3.3.2  Acclimation – Controlled temperature and photoperiod 

After 10 weeks of growth two flats from each greenhouse were treated as non-acclimated and 

analyzed for freezing-tolerance and metabolites. The remaining sixteen flats from each 

greenhouse were placed into four environmental chambers (Constant Temperature Control 

Limited model DGC 1500; Weston, CA), such that each chamber contained four flats from each 

greenhouse or a total of eight flats. One chamber was set for each of four acclimation treatments: 

(1) 7°C with a 16 hr photoperiod, (2) 7°C with an 8 hr photoperiod, (3) 23°C with a 16 hr 
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photoperiod, and (4) 23°C with an 8 hr photoperiod. The two temperatures (8°C and 23°C) were 

chosen based on a previous study that elucidated the optimal temperatures for asparagus growth 

(20-25°C) and for inducing fern senescence (5-12°C) (Krug 1999). The light for each 

environmental chamber was provided by 160W Grolite plus fluorescent lights (Interelectric 

Corp; Warren, PA) at 200-300 µmol m-1 s-2. The plants were grown in the chambers for 6 weeks 

while irrigated with distilled water as needed. After treatment, four flats (two originating from 

each greenhouse zone) from each chamber were removed to assess freezing-tolerance and 

metabolites of the seedlings. Seven seedlings per cultivar per flat were randomly selected, and 

fern were collected for chlorophyll analysis and crowns were saved for metabolite analysis. The 

remaining 25 seedlings per cultivar per flat were used for freezing treatments, where five 

randomly selected seedlings per cultivar were treated with one of five temperature treatments (0°, 

-4°, -8°, -12° and -16°C), described below, and regrown for LT50 analysis. The fern were 

removed 1cm above the soil level prior to the freezing treatment. 

 

3.3.3  Sub-freezing Acclimation 

After 6 weeks of acclimation the remaining four flats from each environmental chamber were 

moved into four separate chest freezers (Woods; Guelph, ON), such that one replicate tray from 

each chamber was placed together into a freezer and exposed to 12-hrs of 3°C and 12-hrs of -3°C 

for 5 days, with no light, after which freezing-tolerance and metabolites were analyzed. Fern 

were removed 1cm above the soil level prior to the treatment. The plants for metabolite analysis 

were sampled while at 3°C. 
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3.3.4 Freezing Treatment 

After each acclimation treatment, freezing-tolerance (LT50) was assessed. Four trays from 

each growth chamber were distributed into four separate chest freezers. Each of the four chest 

freezers consisted of a total of four trays, each flat coming from different acclimation chambers. 

Five plants per cultivar per flat were sampled after being exposed to one of five temperatures (0°, 

-4°, -8°, -12° and -16°C). During the freezing treatment, each freezer was maintained at 3°C for 

2-hrs and then 0°C for 12-hrs. Additional freezing treatments of -4°, -8°, -12° and -16° were 

achieved by decreasing the temperature by 4°C/hr, then holding the temperature for one hour. A 

Hobo thermocouple (Pocasset, MA) was inserted at 2.5cm below the soil surface to monitor 

temperature. 

Once the seedlings were treated with the designated temperature, they were moved to 4°C for 

24-hrs for thawing. Subsequently, seedlings were transferred to one of two replicate 

environmental chambers (14-hr photoperiod with a continuous temperature of 17°C) and grown 

for one additional month. Survivorship (dead or alive) was measured after one month. 

 

3.3.5 Metabolite Analysis 

3.3.5.1  Chlorophyll Assessment 

Five-hundred milligrams fresh weight (FW) of cladophylls were placed into a 50ml FalconTM 

tube with 25 mL 99% methanol and incubated in a 65˚C water bath for 10 minutes. The sample 

was stored overnight at 4˚C, then centrifuged at 2000g for 10 minutes and 3 mL of the resulting 

supernatant was placed in a polystyrene cuvette and analyzed in a spectrophotometer (Ultraspec 

2100 pro Ultraviolet/Visible; Biochrom, Cambridge, UK) at both 652 nm and 665 nm. Total 
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chlorophyll was calculated according to Lichtenthaler (1987): micrograms total chlorophyll per 

milliliter of extract = (1.44)(A665nm) + (24.93)(A652nm). 

 

3.3.5.2  Proline and Fructan 

Proline and high- and low-molecular-weight fructan concentrations were determined as 

previously described by Landry and Wolyn (2011b). 

 

3.3.5.3  Sugars 

Two sugars, glucose and sucrose, were measured using a Megazyme 

raffinose/sucrose/glucose kit (Product K-RAFGL, Megazyme Int. Ireland Ltd., Bray, Ireland) 

(McCleary et al., 2006) and the protocol of Landry and Wolyn (2011b) with one modification; at 

the start of the analysis, the rhizome and storage root samples were incubated with 5 mL of 

95%(v/v) ethanol to inactivate endogenous enzymes. False readings, leading to negative 

concentrations, were measured for raffinose. Therefore the data for this metabolite were not 

analyzed. 

 

3.3.6 Statistical Analysis 

A split-plot design was used, where acclimation treatments (non-acclimation, acclimation 

under three temperature and photoperiod regimes, and acclimation plus sub-freezing) served as 

whole-plots and the three different cultivars (GM, JG and UC157) as sub-plots. During year 1 a 

growth chamber malfunction killed plants for the high-temperature and long-photoperiod 

treatment; thus the ANOVA did not include this treatment and year 2 data for this treatment are 

presented separately. 
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The significance of the fixed effects, cultivar and acclimation treatment, and their interaction, 

and the random effects, year and block and their interactions with fixed effects, were determined 

by the restricted maximum likelihood covariance estimates using PROC MIXED procedure 

(SAS Version 9.3; SAS Institute, 2004). Data were tested for normality by the Shapiro-Wilk test 

and for the homogeneity of variances by PROC UNIVARIATE. Effects were significant when P 

≤ 0.05. Tukey’s honestly significant difference was used to separate means. Pearson correlation 

coefficients, r, were generated using PROC CORR (SAS Version 9.3; SAS Institute, 2004). LT50, 

temperature at which 50% of the population dies, was determined using modified version of 

logistic distribution example from PROC PROBIT (SAS Institute, Inc. 

http://www.sas.com/index.html) 

http://www.sas.com/index.html
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3.4 Results 

3.4.1  Statistical Analysis 

From an analysis of variance, the random effects of year, block, year x block and interactions 

with the fixed effects of cultivar, treatment and cultivar x treatment were not significant for 

parameters tested. Therefore, the data were pooled across year and block. The significance of 

fixed effects, cultivar, acclimation treatment and their interaction are summarized (Table 3.1). 

Cultivars were pooled when all fixed effects were not significant, or when the effects of cultivar 

and the interaction of cultivar x acclimation treatment were not significant. 

 

3.4.2  LT50 

The LT50 value of seedlings were affected by acclimation and sub-freezing treatments in the 

three cultivars (Fig. 3.1A). GM, JG and UC did not differ for the non-acclimated control 

treatment (NT). Acclimation at high-temperature and short-photoperiod (HS) had no effect on the 

seedling’s freezing-tolerance for all cultivars, compared to NT. All cultivars acclimated under 

low-temperature with long or short photoperiods, (LL or LS, respectively) had significantly 

decreased LT50 values (increased freezing-tolerance) compared to NT and GM, JG and UC had 

high, moderate and low freezing-tolerance, respectively. Photoperiod had no effect on LT50 

values in the low temperature acclimation treatments. Acclimation at high temperature and short 

photoperiod, followed by sub-freezing acclimation (SF-HS) decreased LT50 values only for the 

seedlings of GM compared to NT; JG and UC did not respond. For acclimation under low 

temperature with long or short photoperiod, followed by sub-freezing acclimation (SF-LL and 

SF-LS, respectively), LT50 value for GM seedlings did not change compared to those for NT,  
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Table 3.1. Summary of significant fixed effects (P ≤ 0.05) as determined from the restricted 

maximum likelihood (REML) covariance parameter estimates for asparagus cultivars sampled 

across seven acclimation treatments over two years. 
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Parameterz  Cultivar (C)  Treatment (T)  C x T 

LT50        *    *    * 

Fern Chlorophyll      *    *    * 

Crown Percentage Water      *    *    * 

Crown Proline       *    *    * 

Crown Glucose      NS         NS   NS 

Crown Sucrose       *    *    * 

Crown LF      NS    *   NS 

Crown HF       *    *   NS 
zLF = low-molecular-weight fructan; HF = high-molecular-weight fructan. 

*Significant, NS = non-significant. 
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Fig. 3.1. LT50 (lethal temperature at which 50% of plants die) assessments of asparagus seedlings 

for three cultivars (Guelph Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after 

acclimation in controlled environments: no acclimation (NT), or six weeks of acclimation (high-

temperature (23 ºC) with long-photoperiod (16 hr), HL; high-temperature with short-photoperiod 

(8 hr), HS; low-temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-

photoperiod, LS) with or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 

12 hr/12 hr) (HL plus sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, 

SF-LL; LS plus sub-freezing, SF-LS). For A), data were pooled over two replicates within years 

and years (2010 and 2011), and error bars represent the standard error of the mean for each 

treatment (n=8). Different letters indicate significant non-pairwise differences as determined by 

Tukey’s Honest Significant Difference (HSD) (P≤0.05). For B), data were pooled over two 

replicates for 2011 only, and error bars represent the standard error of the mean for each 

treatment (n=4). 
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while values for JG and UC increased (decreased freezing-tolerance). One year of data for the 

high-temperature and long-photoperiod (HL) treatment (Fig. 3.1B) showed a response similar to 

that of the non-acclimated control (Fig. 3.1A). Cultivars treated with sub-freezing acclimation, 

following high-temperature and long-photoperiod (SF-HL; Fig. 3.1B) did not appear to differ 

from NT (Fig. 3.1A). 

 

3.4.3 Crown Percentage Water and Chlorophyll 

Cold-acclimation but not sub-freezing acclimation had a significant effect on crown percent 

water (Fig. 3.2A) and chlorophyll concentration (Fig. 3.3A). The GM seedlings acclimated under 

HS treatments had decreased percentage water compared to those not acclimated (NT). The 

difference was not observed following the sub-freezing acclimation, when all cultivars did not 

differ and were similar to the control (NT). Percentage water decreased in all cultivars when the 

plants were acclimated under low temperature with either long or short photoperiod (LL or LS). 

GM had the lowest percent water and UC had the highest. Sub-freezing had no effect on the 

plants acclimated in LL or LS; values for cultivars did not change between the LL and SF-LL 

and LS and SF-LS treatments. The plants acclimated under HL and SF-HL treatments (Fig 3.2B) 

did not appear to differ from NT (Fig. 3.2A). 

Similar chlorophyll concentrations were observed among the cultivars for the NT, HS, and 

SF-HS treatments (Fig. 3.3A). Chlorophyll concentration decreased for all cultivars acclimated 

under cold conditions with long or short photoperiod (LL or LS) and the greatest loss was 

observed in GM. The LL and LS treatments with sub-freezing (SF-LL and SF-LS) had no effect 

on the plants’ chlorophyll concentration. The chlorophyll concentrations plants acclimated under 

HL and SF-HL (Fig 3.3B) treatments did not appear to differ from NT (Fig 3.3A). 
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Fig. 3.2. Crown percentage water of asparagus seedlings for three cultivars (Guelph Millennium 

(GM), Jersey Giant (JG) and UC157 (UC)) after acclimation in controlled environments: no 

acclimation (NT), or six weeks of acclimation (high-temperature (23 ºC) with long-photoperiod 

(16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; low-temperature (7 ºC) with 

long-photoperiod, LL; low-temperature with short-photoperiod, LS) with or without an 

additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL plus sub-freezing, 

SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus sub-freezing, SF-

LS). For A), data were pooled over two replicates within years and years (2010 and 2011), and 

error bars represent the standard error of the mean for each treatment (n=8). Different letters 

indicate significant non-pairwise differences as determined by Tukey’s Honest Significant 

Difference (HSD) (P≤0.05). For B), data were pooled over two replicates for 2011 only, and error 

bars represent the standard error of the mean for each treatment (n=4). DW=dry weight. 
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Fig. 3.3. Fern chlorophyll concentrations of asparagus seedlings for three cultivars (Guelph 

Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after acclimation in controlled 

environments: no acclimation (NT), or six weeks of acclimation (high-temperature (23 ºC) with 

long-photoperiod (16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; low-

temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-photoperiod, LS) with 

or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL plus 

sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus sub-

freezing, SF-LS). For A), data were pooled over two replicates within years and years (2010 and 

2011), and error bars represent the standard error of the mean for each treatment (n=8). Different 

letters indicate significant non-pairwise differences as determined by Tukey’s Honest Significant 

Difference (HSD) (P≤0.05). For B), data were pooled over two replicates for 2011 only, and error 

bars represent the standard error of the mean for each treatment (n=4). 
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3.4.4  Proline 

Proline concentrations were affected by acclimation and sub-freezing treatments in the three 

cultivars (Fig. 3.4A). Non-acclimated (NT) GM, JG and UC plants did not differ. Acclimating 

seedlings under HS had no effect on proline concentration. The plants acclimated under low-

temperature (LL or LS) had significantly increased proline concentrations compared to NT, and 

GM, JG and UC had high, moderate and low proline concentrations, respectively. Sub-freezing 

had no effect on proline concentrations; values for cultivars did not change between the HS and 

SF-HS, LL and SF-LL and LS and SF-LS treatments. The proline concentrations of plants after 

HL and SF-HL treatments (Fig. 3.4B) did not appear to differ from those that were not 

acclimated (NT) (Fig. 3.4A). The HL and SF-HL treatment results also did not differ. Overall 

photoperiod had no effect on proline concentrations for plants acclimated under either high or 

low temperature treatments. 

 

3.4.5  Sugars 

Acclimation (HS, LS and LL) and acclimation plus sub-freezing (SF-HS, SF-LS and SF-LL) 

did not affect glucose concentration across all cultivars; the average concentration of crown 

glucose was 2.63 mg/g DW. Cold-acclimation and sub-freezing acclimation had a significant 

effect on the plants’ crown sucrose concentration (Fig. 3.5A). The seedlings of GM and UC 

acclimated under HS had increased sucrose concentrations compared to those that were not 

acclimated (NT), however, cultivars did not differ for the SF-HS treatment and values did not 

differ from those of NT. Sucrose concentration increased in all cultivars when acclimated under 

either LL or LS. High, moderate and low concentrations were observed for GM, JG and UC,  
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Fig. 3.4. Crown proline concentrations of asparagus seedlings for three cultivars (Guelph 

Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after acclimation in controlled 

environments: no acclimation (NT), or six weeks of acclimation (high-temperature (23 ºC) with 

long-photoperiod (16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; low-

temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-photoperiod, LS) with 

or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL plus 

sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus sub-

freezing, SF-LS). For A), data were pooled over two replicates within years and years (2010 and 

2011), and error bars represent the standard error of the mean for each treatment (n=8). Different 

letters indicate significant non-pairwise differences as determined by Tukey’s Honest Significant 

Difference (HSD) (P≤0.05). For B), data were pooled over two replicates for 2011 only, and error 

bars represent the standard error of the mean for each treatment (n=4). DW=dry weight. 
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Fig. 3.5. Crown sucrose concentrations of asparagus seedlings for three cultivars (Guelph 

Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after acclimation in controlled 

environments: no acclimation (NT), or six weeks of acclimation (high-temperature (23 ºC) with 

long-photoperiod (16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; low-

temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-photoperiod, LS) with 

or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL plus 

sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus sub-

freezing, SF-LS). For A), data were pooled over two replicates within years and years (2010 and 

2011), and error bars represent the standard error of the mean for each treatment (n=8). Different 

letters indicate significant non-pairwise differences as determined by Tukey’s Honest Significant 

Difference (HSD) (P≤0.05). For B), data were pooled over two replicates for 2011 only, and error 

bars represent the standard error of the mean for each treatment (n=4). DW=dry weight. 
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respectively. Sub-freezing acclimation decreased the sucrose concentration for plants acclimated 

in LL or LS; values for cultivars did not differ between SF-LL and SF-LS. The HL treatment (Fig. 

5B) had no effect on sugar concentrations; values did not differ from those of the NT treatment 

(Fig. 3.5A). Values for all cultivars were similar across the HL and SF-HL treatments (Fig. 3.5B). 

 

3.4.6  Fructans 

The effect of cultivar on crown low-molecular-weight fructan concentration (LF) was not 

significant across acclimation treatments; therefore the cultivars were pooled. Crown LF was not 

affected by high-temperature treatments (HS and SF-HS) compared to NT (Fig 3.6A). The plants 

acclimated under low-temperature acclimation regardless of photoperiod (LL and LS) had 

significantly increased LF. Interestingly, crown LF in LS was higher than that for seedlings 

acclimated under LL conditions; however, the difference disappeared after a sub-freezing 

acclimation. Sub-freezing acclimation did not affect LF for LS and LL. The LF of seedlings 

under HL and SF-HL treatments (Fig. 3.6B) did not appear to differ from those not acclimated 

(NT) (Fig. 3.6A). 

High-molecular-weight fructan concentration (HF) increased in response to short-

photoperiod (HS) compared to NT and the values did not change after sub-freezing acclimation 

(SF-HS) (Fig. 3.7A). Crown HF increased in all cultivars when plants were acclimated under 

either LL or LS. GM had the highest HF, and the concentrations for JG and UC did not differ; 

sub-freezing acclimation did not change HF. The HL and SF-HL treatments (Fig. 3.7B) did not 

appear to differ from NT (Fig. 3.7A). 
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Fig. 3.6. Crown low-molecular-weight fructan concentrations (LF) of asparagus seedlings for 

three cultivars (Guelph Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after acclimation 

in controlled environments: no acclimation (NT), or six weeks of acclimation (high-temperature 

(23 ºC) with long-photoperiod (16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; 

low-temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-photoperiod, LS) 

with or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL 

plus sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus 

sub-freezing, SF-LS). For A), data were combined over cultivars, replicates within years and 

years (2010 and 2011), and error bars represent the standard error of the mean for each treatment 

(n=24). Different letters indicate significant non-pairwise differences as determined by Tukey’s 

HSD (P≤0.05). For B), data were pooled over two replicates for 2011 only, and error bars 

represent the standard error of the mean at each treatment (n=4). DW=dry weight. 
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Fig. 3.7. Crown high-molecular-weight fructan concentrations (HF) of asparagus seedlings for 

three cultivars (Guelph Millennium (GM), Jersey Giant (JG) and UC157 (UC)) after acclimation 

in controlled environments: no acclimation (NT), or six weeks of acclimation (high-temperature 

(23 ºC) with long-photoperiod (16 hr), HL; high-temperature with short-photoperiod (8 hr), HS; 

low-temperature (7 ºC) with long-photoperiod, LL; low-temperature with short-photoperiod, LS) 

with or without an additional five days of sub-freezing acclimation (3 ºC/-3 ºC, 12 hr/12 hr) (HL 

plus sub-freezing, SF-HL; HS plus sub-freezing, SF-HS; LL plus sub-freezing, SF-LL; LS plus 

sub-freezing, SF-LS). For A), data were pooled over two replicates within years and years (2010 

and 2011), and error bars represent the standard error of the mean for each treatment (n=8). 

Different letters indicate significant non-pairwise differences as determined by Tukey’s Honest 

Significant Difference (HSD) (P≤0.05). For B), data were pooled over two replicates for 2011 

only, and error bars represent the standard error of the mean for each treatment (n=4). DW=dry 

weight. 
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3.4.7  Correlations 

All parameters except glucose (LT50, percent water and chlorophyll, proline, sucrose, LF and 

HF concentrations) were highly correlated (Table 3.2). Those most highly correlated with LT50 

were proline (r=-0.89; P<0.0001), percent water (r=0.85; P<0.0001 ) and HF (r=-0.82; P<0.0001) 

and sucrose (r=-0.81; P<0.0001) concentrations.



51 

 

 

 

 

 

 

 

 

 

Table 3.2. Summary of Spearman’s rank-order correlation coefficients, r, between two 

physiological and/or metabolic parameters for three asparagus cultivars (Guelph Millennium, 

Jersey Giant, and UC157) sampled over two years. 
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 % H2O Chlorophyll Proline Glucose Sucrose LF HF 

LT50 
r = 0.85 

p < 0.01 

r = 0.75 

p < 0.01 

r = -0.89 

p < 0.01 

r = 0.11 

p = 0.15 

r = -0.81 

p < 0.01 

r = -0.68 

p < 0.01 

r = -0.82 

p < 0.01 

%H2O  
r = 0.76 

p < 0.01 

r = -0.92 

p < 0.01 

r = 0.06 

p = 0.47 

r = -0.85 

p < 0.01 

r = -0.78 

p < 0.01 

r = -0.87 

p < 0.01 

Chlorophyll   
r = -0.84 

p < 0.01 

r = 0.21 

p < 0.01 

r = -0.79 

p < 0.01 

r = -0.90 

p < 0.01 

r = -0.93 

p < 0.01 

Proline    
r = -0.04 

p = 0.62 

r = 0.84 

p < 0.01 

r = 0.76 

p < 0.01 

r = 0.91 

p < 0.01 

Glucose     
r = -0.11 

p = 0.17 

r = -0.24 

p < 0.01 

r = -0.16 

p = 0.04 

Sucrose      
r = 0.78 

p < 0.01 

r = 0.86 

p < 0.01 

LF       
r = 0.90 

p < 0.01 

LT50, temperature at which 50% of population dies; %H2O, percent water; LF, low-

molecular-weight fructan; HF, high-molecular-weight fructan 



53 

 

3.5  Discussion 

3.5.1  Overall Results 

   Three asparagus cultivars with varying levels of field adaptation in the Southern Ontario 

climate, were acclimated under combinations of two temperatures and two photoperiods with or 

without an additional sub-freezing treatment. Low-temperature acclimation induced freezing-

tolerance and photoperiod had no effect. As was hypothesized, GM showed the highest freezing-

tolerance compared to JG and UC. Decreases in fern chlorophyll concentration and crown 

percent water, as well as increases in crown proline and HF concentrations were correlated with 

freezing-tolerance and can be used as indirect measures to select for the trait. 

 

3.5.2  LT50 Assessment 

LT50 is the temperature at which 50% of the population dies. It provides valuable information 

for determining the plant’s capacity of withstanding cold temperatures at a specific phenological 

stage, and combined with metabolite analysis may help to elucidate the indirect measures 

correlated with freezing-tolerance that can be used to improve the trait in breeding programs. 

The greenhouse grown seedlings (NT), and those grown under high-temperature regimes (HS, 

HL, SF-HS and SF-HL) did not differ for LT50 across cultivars. LT50 decreased for the three 

cultivars when acclimated under low-temperature (LL and LS). Interestingly, the LT50 values of 

the three cultivars were associated with the longevity observed in Southern Ontario; GM had the 

highest freezing-tolerance and longevity and UC had the lowest. This result is consistent with the 

previous work by Landry and Wolyn (2011a) where GM and JG seedlings cold-acclimated at 

10/5°C (day/night) for six weeks had LT50 values of approximately -9 and -7, respectively, which 
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compare reasonably with what was observed here: GM -10°C, and JG -8.5°C. After the 

additional sub-freezing acclimation treatment, GM was the only cultivar that maintained its LT50 

values; freezing-tolerance decreased for JG and UC. Metabolite analysis indicated LT50 was 

correlated positively with percentage water and chlorophyll concentration, and negatively with 

proline, sucrose, LF and HF concentrations. 

To validate a seedling screen in controlled environments for determining freezing-tolerance, 

results should be compared with those of field studies. Panjtandoust and Wolyn (unpublished) 

assessed LT50 during the fall for field-grown two-year-old plants. In early October, when the 

ambient temperature begins to drop, GM showed a significantly higher field freezing-tolerance 

than the other two cultivars, generally consistent with the seedlings screen. No difference was 

observed between JG and UC in the field, but JG showed greater freezing-tolerance than UC in 

the seedling screen. By mid-November, all cultivars demonstrated the same level of freezing-

tolerance in the field. Perhaps if the seedlings were given extended time to acclimate, JG and UC 

may have increased their freezing-tolerance to a comparable level of GM. Additional seedling 

experiments with different acclimation periods would be required to test this hypothesis. 

The contrasting results between growth chamber and field experiments may be due not only 

to the acclimatization period, but also to the inability to reproduce the changing diurnal 

temperature and light conditions which change gradually in the fall (Arora and Rowland, 2011). 

In blueberry, plants cold-acclimated under natural and environmentally controlled conditions 

differed for gene expression (Dhanaraj et al., 2007; Rowland et al., 2008). In general, the number 

of cold-induced genes was higher for the plants grown in the cold room than in the field. 

Differential expression of genes may explain the more drastic difference of LT50 amongst the 

asparagus cultivars in growth chambers compared to those in the field; Guelph Millennium may 
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have induced more cold-regulated genes than the other cultivars, resulting in higher freezing-

tolerance. 

This study suggests freezing-tolerance of asparagus is more influenced by low-temperature 

than shortening of photoperiod. No differences between short and long photoperiod treatments 

were observed for both acclimation and acclimation plus sub-freezing treatments within the same 

temperature regimes. Based on a previous study (Landry and Wolyn, 2011a) and the results 

herein, the freezing-tolerance for the crown in asparagus is not very high (-8 to -12°C). Thus, 

photoperiod sensitivity may not benefit survival, especially when the soil temperature rarely 

cools below -5°C. Photoperiod insensitivity for cold-acclimation is also observed in barley, 

wheat, as well as apple trees (Bridger et al., 1995; Gusta et al., 2001; Heide and Prestrud, 2005). 

It should be noted, however, that the photoperiods used in this study, 8 and 16 hr, are extreme 

and are not experienced by plants in Ontario. Therefore, future growth chamber experiments 

should examine those relevant between August and November in Ontario, or 11 to 15 hours.  

The acclimation plus sub-freezing treatment may be useful in discriminating cultivars that 

adapt best to winter conditions in Southern Ontario, where freeze-thaw cycles are common in 

late-fall and early-winter. It should be noted, however, that the actual soil temperature in the field 

does not drop below sub-zero until late-November. Therefore the sub-freezing acclimation used 

in this study may mimic more of what happens in the early spring, rather than what is expected 

in the late fall. Interestingly, freezing-tolerance for GM increased after sub-freezing when plants 

were acclimated under HS, while LT 50 values for the other two cultivars did not change 

compared to HS. GM maintained its LT50 levels, but values increased (decreased freezing-

tolerance) for JG and UC after plants acclimated under low temperature with either photoperiod 

(LL and LS) were exposed to sub-freezing (SF-LL and SF-LS). The decline in freezing-tolerance 
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for JG and UC can be explained by intercellular ice-crystallization during below-freezing 

temperatures, which further induced cell lysis upon thawing (Gusta et al., 2003; Uemura et al., 

2006). Landry and Wolyn (2011a) also observed that the LT50 of GM did not change, but that for 

JG declined significantly following the sub-freezing treatment when plants were acclimated 

under cool (10o/5oC day/night) temperatures with a 12hr photoperiod. 

 

3.5.3  Fern Senescence 

The first visual signal of plant acclimation to cold is fern senescence. The greater freezing-

tolerance and loss of chlorophyll of GM seedlings compared to JG is consistent with predictions 

based on the early onset of fern senescence of GM field condition, as well as the physiological 

studies of field-acclimated mature plants of GM and JG (Landry and Wolyn, 2011b). 

Interestingly, although UC was less freezing-tolerant than GM, both cultivars had the same low 

chlorophyll concentration after cold-acclimation. Visual assessment indicated, however, that fern 

of GM turned bright yellow while those of UC appeared pale yellow. Therefore, the low 

chlorophyll concentration for UC may be the result of damage from low-temperature shock 

rather than senescence. 

 

3.5.4  Proline 

Accumulation of proline has often been correlated with freezing-tolerance in plants (Patton et 

al., 2007c) and this compound may be a cryoprotectant by: mediating loss of osmotic 

responsiveness due to dehydration (Steponkus, 1984); protecting enzymes from denaturation 

(Nikopoulos and Manetas, 1991); stabilizing protein synthesis machinery (Kandpal and Rao, 

1985); and regulating cytosolic acidity (Venekamp, 1989). A significant increase of proline in 
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asparagus crowns was observed when seedlings were acclimated under low-temperature 

treatments, and this increase was maintained even after the sub-freezing treatment. The cultivars’ 

freezing-tolerance (LT50) was strongly correlated with proline content herein, although Landry 

and Wolyn (2011b) determined a late onset of proline accumulation after a significant decrease in 

LT50 was observed. Results here indicated that proline content is also correlated with chlorophyll 

content, which is expected, as proline is transported from fern to the crown as a nitrogen reserve 

during senescence (Dhont et al., 2006). However, UC had a similar chlorophyll concentration to 

GM, but it had the lowest concentration of proline. This may suggest that fern senescence does 

not necessarily indicate the relative accumulation of proline during asparagus senescence. Also, 

the sudden cold temperature shock described above may have degraded the fern, resulting in a 

false low chlorophyll concentration for UC. The crown percentage water may be more useful in 

predicting proline content, as proline accumulates in plants to cope with water stress 

(Vendruscolo et al., 2007). Percentage water was correlated with proline concentration among 

the cultivars. 

 

3.5.5  Carbohydrates 

The most prominent form of carbohydrate found in asparagus crowns is fructan, which 

accounts for up to 90% of total carbohydrate and serves as the main storage polysaccharide 

(Cairns, 1992). Fructan can also have cryoprotective properties, directly improving freezing-

tolerance (Herman et al., 2006). During cold-acclimation, the hydrolysis of high-molecular-

weight fructan (HF) into simple sugars occurs (Livingston 1996; Woolley et al., 1999) and it is 

often related to increased freezing-tolerance (Herman et al., 2006). Therefore, having a large 

reservoir for HF may be beneficial for increasing freezing-tolerance. This is supported by 
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observations here, where GM showed the greatest increase of HF in response to low-temperature 

treatments compared to the other two cultivars. LT50 was also highly correlated with HF. The 

crown glucose concentration was stable throughout different treatments across cultivars and 

showed no association with freezing-tolerance, as was found by Landry and Wolyn (2011a). The 

crown sucrose content showed a distinctive pattern. Sucrose concentration increased in all 

cultivars after cold-temperature acclimation. This may be due to the continued transport of 

sucrose from fern to the crown system, as sucrose is the primary photosynthetic compound. In 

the field, a decrease of rhizome sucrose was observed in GM by the mid-November when the 

crown is expected to be dormant (Landry and Wolyn, 2011b). In experiments reported here, the 

sucrose concentration decreased upon sub-freezing acclimation following a low-temperature 

treatment. This may indicate the plants’ transition from growth to quiescence, as cessation of 

carbohydrate transfer from the fern to crown occurs. The significant decrease of sucrose in the 

rhizome was not observed in the storage roots, suggesting that the rhizome and storage root may 

serve different roles during senescence. Additional seedling experiments with separate metabolite 

analyses of storage root and rhizome tissues will further increase our knowledge on differential 

response of metabolite accumulation in different tissues, which will allow improved comparisons 

between field and controlled acclimation experiments. 

 

3.5.6  Summary 

The superior performance of GM over JG and UC in the fall may be the results of early onset 

of senescence, which may in turn cause an adequate accumulation of proline and high-molecular-

weight fructan as well as a decline in crown percentage water. This highly repeatable experiment 

to induce senescence can be useful in an asparagus breeding program to quickly screen and 
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select for genotypes with traits of interest (Landry and Wolyn, 2011a). The strong correlations 

between LT50 and crown dehydration, and proline, chlorophyll and HF concentrations allow for 

selections based on indirect measures of freezing-tolerance. 
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4 ASSESSMENT OF GENETIC VARIATION FOR INDIRECT MEASURES OF 

FREEZING-TOLERANCE DURING FALL ACCLIMATION IN ASPARAGUS 

 

4.1  Abstract 

Winterhardiness is an important trait for asparagus cultivars grown in temperate climates. 

Several biochemical and physiological parameters are correlated with the acquisition of freezing-

tolerance during cold-acclimation in the fall and could be used as indirect measures for selection 

in a breeding program. Genetic variation and heritability was assessed for freezing-tolerance 

attributes in 42 asparagus genotypes, including hybrids and male, supermale and female clones. 

Combining ability was also estimated for a group of parents and hybrids. Significant genetic 

variation was observed for concentrations of fern chlorophyll, rhizome and storage root sucrose 

and glucose, storage root proline, and rhizome high-molecular weight fructan, as well as storage 

root and rhizome water percentage. Narrow-sense heritability estimates were significant for fern 

chlorophyll, storage root proline, and rhizome glucose and sucrose concentrations; combining 

ability, however, was not significant for the parents and hybrids studied. With significant genetic 

variation and heritability, breeding to improve freezing-tolerance should be possible with indirect 

selection measures. 

 

4.2  Introduction 

Asparagus is an herbaceous perennial plant in which the above-ground fern senesces and dies 

in the fall, leaving only the below-grown crown to overwinter. Inadequate cold-acclimation in 

the fall decreases yield and longevity of plantations (Bai and Kelly, 1999a). Southern Ontario is 

one of the coldest asparagus production areas in the world, where the winter air and soil 
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temperatures can decrease to -20°C and -5°C, respectively; therefore, growers in this region 

require freezing tolerant germplasm. 

The phenology of Ontario asparagus during cold-acclimation can be divided into two stages 

(Krug, 1999, Xin and Browse, 2000). The first is initiated by decreasing daylength to 9hrs and 

daily low temperatures to 10°C in October, when a significant increase of freezing-tolerance is 

obtained through dehydration of organs, increase of proline and abscisic acid concentrations, and 

accumulation of carbohydrates (Bressan et al., 2006; Kacperska-Palacz, 1978; Patton et al., 

2007c; Singh et al., 1972; Stout, 1980). The second stage of cold-acclimation is the adaptation to 

temperatures below 0°C where freezing-tolerance is further increased and maintained throughout 

the winter via hydrolysis of high-molecular-weight sugars into low-molecular-weight 

“cryoprotective” sugars (Guy 1990; Livingston 1996). 

Compounds with cryoprotective properties, such as proline, glucose, sucrose, raffinose and 

fructans, may contribute to freezing-tolerance in asparagus. Proline is known to stabilize the 

protein synthesis apparatus, increase water-binding capacity of the cell, stabilize protein during 

water stress, and promote expression of cold responsive genes (Kandpal and Rao, 1985; 

Nikolopoulos and Manetas, 1991; Steponkus, 1984; Venekamp, 1989). Glucose and sucrose 

protect plant cells from freeze-induced dehydration and reduce ice formation via increasing the 

intracellular solute concentration, as well as preventing structural changes to proteins (Caffrey et 

al., 1988; Wilson et al., 2008; Vagujfalvi et al., 1999). Raffinose could increase the plant’s 

freezing-tolerance by preventing ice crystallization of sucrose (Caffrey et al., 1988), and it has 

been associated with winterhardiness, even at low concentrations (Hincha et al., 2007). 

Hydrolysis of fructan occurs throughout winter, which results in the production of simple sugars 

(Gasecka et al., 2008) that may also act as cryoprotectant agents to increase freezing-tolerance 
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(Allison et al., 1999; Hincha et al., 2007). Simple sugars such as sucrose and glucose are also 

predominantly used for respiration and spring regrowth. 

A field study was conducted previously to assess the freezing-tolerance of two widely-grown 

cultivars in Canada (Landry and Wolyn, 2011b), Guelph Millennium (GM) and Jersey Giant (JG), 

which show different patterns of fall senescence and longevity. GM senesces, with the fern 

turning yellow by mid-October, and it has sustained high yields over several years. JG has 

delayed senescence, it is often green at the first killing frost, and it suffers yield decline after 

several harvest seasons. Timely fall senescence was hypothesized to contribute to freezing-

tolerance and consequently improved longevity and yield. GM showed earlier accumulation of 

nitrogen and proline in the rhizome, and an earlier decrease in crown water percentage and fern 

chlorophyll concentration compared to JG. The increased proline and decreased crown percent 

water are indirect indicators that GM can be more freezing tolerant than JG. The late initiation of 

senescence, or the active growth of asparagus in the late fall, was also negatively correlated with 

yield in asparagus (Bai and Kelly, 1999a) and it was shown to cause the incomplete 

remobilization of nitrogen from photosynthetic tissues to overwintering crown (Ledgard et al., 

1994). In other crops, such as Medicago sativa (Dhont et al., 2006) and Podophyllum peltatum 

(Watson and Lu, 1999), early senescing lines showed greater freezing-tolerance and long term 

yield than lines demonstrating late senescence. Thus, asparagus cultivars with a “stay green” 

characteristic may be unadapted in Southern Ontario due to the lack of metabolites flowing from 

senescing fern to the crown that could be important for both winterhardiness and spring vigor. 

A seedling screening method developed by Landry and Wolyn (2011a) helped to determine 

metabolic parameters that change in response to low-temperatures in order to increase freezing-

tolerance. Reducing sugar (Landry and Wolyn, 2011ab), chlorophyll, proline, sucrose, and 
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fructan concentrations and crown percentage water correlated with LT50. These metabolic 

parameters could serve as selection criterion for winterhardy genotypes in the field. The 

objectives of this study were to assess the genetic variation among different asparagus genotypes, 

including female and supermale parents and hybrids, for metabolites associated with freezing-

tolerance, and to determine the heritability of these measures such that they may be useful for 

selecting the trait under field conditions. 

 

4.3 Materials and Methods 

4.3.1  Plant Establishment 

Asparagus plants were established under field conditions at the University of Guelph 

research station located in Simcoe, Ontario (Latitude 42° 51’N; Longitude 80° 16’W; Elevation 

240.5m above mean sea level) in two replicate experiments in 2010 and 2011. Soil types were 

Oakland and Scotland Sand, and Tavistock Loam in the two years, respectively. 

On 15-March 2010 and 21-March 2011, seeds of 17 hybrids derived by crossing five females 

and six supermales, as well as a USA cultivar, Jersey Giant (Hybrid 18), were planted in 288-cell 

plug trays filled with a peat-based soilless mix (Sunshine LC1, Sungro Horticulture Canada Ltd.; 

Seba beach, AB). In mid-April, seedlings were transplanted into 50-cell plug trays filled with 

Sunshine LC5 soil (SunGro Horticulture Canada Ltd.; Seba beach, AB) and grown in a 

greenhouse (under natural light at 25°±5°C) until planted in the field. Twenty-four female, male 

or supermale clones (Appendix A.1) were propagated in vitro, and transplanted into 50-cell plug 

trays in Sunshine LC5 soil in early-May. Hybrids and clones were planted in the field on 17/18-

June 2010 and 16/17- June 2011), where clonal entries were planted in 6-plant plots and the seed 
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propagated entries were planted in 9-plant plots. The rows were spaced 1.25 m and plants spaced 

30 cm within rows. Guard plants were planted at both ends of each row to prevent edge effect. 

The experiment was conducted as a randomized complete block design with four blocks for 

each of the two replicate experiments planted in two separate years. Plots were sampled 15-

August and 7-November 2011 and 13-August and 5-November 2012 for the experiments planted 

in 2010 and 2011, respectively. For statistical analyses, similar sampling dates over the two years 

were considered the same treatment level: mid-August (13th and 15th) and early-November (5th 

and 7th). Three and four plants of the clonal genotypes and hybrids, respectively, were sampled 

from each plot for each harvest date; the front half of the plot was sampled for the first harvest 

and the back half was sampled at the second harvest. 

Field plots were fertilized (10-10-10; 50kg ha-1) in May, June and July of each year. Manual 

hoeing and inter-row application of Glyphosate at a concentration of 360g/L (Monsanto 

Company, St. Louis, Missouri USA) were used to remove weeds as needed. Sprays for insects 

and diseases were applied according to OMAF recommendations when required (Pub.812 Field 

Crop Protection Guide). 

 

4.3.4 Sample Harvests 

On each sampling day, cladophylls were selected randomly from the top, mid and bottom 

parts of the fern for each of the sampled plants; material was bulked separately for each plant, 

and placed in a resealable plastic bag. Samples were stored on ice until frozen with liquid 

nitrogen, and then placed in a -80°C freezer until further analysis. Crowns were manually dug 

from the field, cleaned of soil and stored in bins covered with plastic bags, at 5°C, until sampling. 

The portion of the crown, where new buds were visible, was selected. Crowns were separated 
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into storage roots and rhizomes. Storage roots were harvested near the rhizome in segments of 

approximately 5cm, weighed, and placed in a resealable plastic bag. The rhizome from each 

crown was excised of bud scales and epidermal tissue, and then placed in a plastic bag. 

Approximately ~40-50 g fresh-weight (FW) for each of the storage roots and rhizomes were 

bulked, weighed, frozen with liquid nitrogen and stored at -80°C. Samples were lyophilized 

(FreeZone 4.5L Freeze Dry System, Model 77510, LABCONCO; Kansas City, Missouri), then 

weighed, in order to determine dry-weight (DW). Percent water was determined as {(FW-

DW/FW)*100} (Tanino et al., 1990). Lyophilized samples were ground with a Waring blender 

into a fine power that could pass through a 60-mesh sieve and stored at -80˚C (model 923, Forma 

Scientific; Marretta, OH) until further use. 

 

4.3.5 Metabolite Analysis 

4.3.3.1  Chlorophyll Assessment 

Five-hundred milligrams FW of cladophylls were placed into a 50ml FalconTM tube with 25 

mL 99% methanol and incubated in a 65˚C water bath for 10 minutes. The sample was stored 

overnight at 4˚C, then centrifuged at 2000g for 10 minutes and 3 mL of the resulting supernatant 

was placed in a polystyrene cuvette and analyzed in a spectrophotometer (Ultraspec 2100 pro 

Ultraviolet/Visible; Biochrom, Cambridge, UK) at both 652 nm and 665 nm. Total chlorophyll 

was calculated according to Lichtenthaler (1987): micrograms total chlorophyll per milliliter of 

extract = (1.44)(A665nm) + (24.93)(A652nm). 
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4.3.3.2  Proline and Fructan 

Proline and high- and low-molecular-weight fructan concentrations were determined as 

previously described by Landry and Wolyn (2011b). 

 

4.3.3.3  Sugars 

Three sugars, glucose, sucrose and raffinose, were measured using a Megazyme 

raffinose/sucrose/glucose kit (Product K-RAFGL, Megazyme Int. Ireland Ltd., Bray, 

Ireland)(McCleary et al., 2006) according to Landry and Wolyn (2011b) with one modification; 

in the beginning of the analysis, the rhizome and storage root samples were incubated with 5 mL 

of 95%(v/v) ethanol to inactivate endogenous enzymes. False readings, leading to negative 

concentrations, were measured for raffinose. Therefore the data for raffinose were not analyzed. 

 

4.3.6 Statistical Analysis 

4.3.4.1  Variability Analysis 

The experiment was conducted using a randomized complete block design (RCBD) with four 

blocks each year. The significance of the effects of the genotype and harvest date, as well as the 

interaction of these two parameters were determined by the restricted maximum likelihood 

covariance estimates using PROC MIXED procedure (SAS Version 9.3; SAS Institute, 2004). 

The statistical model included the fixed effects of genotype and harvest dates and their 

interaction and the random effects of year and block, and their interactions with fixed effects. 

Data were tested for normality by the Shapiro-Wilk test and for the homogeneity of variances by 

univariate procedures, and no transformations were necessary. All significance was measured 

when P ≤ 0.05. In order to separate means, Tukey’s honestly significant difference test was 
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conducted. Pearson correlation coefficients, r, were generated using the PROC CORR procedure 

(SAS Version 9.3; SAS Institute, 2004). Box plots were created using Microsoft Excel (2007) by 

calculating mean values for each genotype and determining maximum, median, minimum, first 

quartile and third quartile values among them. 

 

4.3.4.2  Combining Ability and Heritability Analysis 

North Carolina Design II (Comstock and Robinson, 1948) was adapted for this research 

where three female (F1, F2, F3) and four supermale (SM1, SM2, SM3, SM4) parents, as well as 

progenies derived from diallel cross of those parents, were used (Table 4.1). The data set for the 

first harvest date was excluded in the analysis since genotype differences in metabolites were not 

observed. The statistical model included the fixed effects of female parent, supermale parent and 

their interaction, and the random effects of year, block, harvest date and their interactions with 

fixed effects. Data were pooled over two years when female*male*year interaction was not 

significant and the statistical models were partitioned into the fixed effects of female parent and 

supermale parent, and their interaction, as well as the random effect of block and its interaction 

with fixed effects. Best linear unbiased predictions (BLUPs) were used to obtain the GCAs of 

parents and SCAs of progenies. 

To determine the narrow sense heritability estimates (h2), mean values of metabolites were 

calculated for all hybrids (excluding H10 and H17) and their parents for each year. The progeny 

harvested in year 2011 were regressed with mid-parent values from 2012 and vice versa to 

prevent bias due to environmental covariance (Vogel et al., 1980; Fernandez and Miller, 1985). 
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Table 4.1. Diallel crossing matrix for North Carolina Design II and parent-offspring regression 

analysis. SM=supermale; F=female, H=hybrid. 



69 

 

 

 

 

 

 

SuperMales Females 

F01 F02 F03 F04 F05 

SM01 H01 H06 H11 H16  

SM02 H02 H07 H12   

SM03 H03 H08 H13   

SM04 H04 H09 H14   

SM05 H05  H15   

SM11†  H10   H17 

† Clones of SM11 did not survive in both years. Thus, SM11 was excluded for analysis. 
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4.4 Results 

 

4.4.1  Statistical Analysis 

The random effects of year, and its interaction with the fixed effects of genotype, harvest date 

and genotype by harvest date interaction were not significant for all parameters tested; therefore, 

data were combined across two years. Significance of fixed effects for all variables are 

summarized (Table 4.2). Mean values calculated from half-sib hybrids are compared with actual 

value of the parents and reported in Appendix B. Narrow-sense heritabilities for all parameters 

are summarized in Table 4.3. 

 

4.4.2  Crown Water Percentage 

Percent water content in the storage roots or rhizomes did not vary among genotypes at the 

August harvest date (Figure 4.1A, Figure 4.2A), when values averaged 80%. Storage root 

percent water decreased significantly in all genotypes at the second harvest date (Figure 4.1B); 

values ranged from 63% to 72%. In the rhizome, percentage water decreased significantly from 

August to November for only some genotypes (Figure 4.2B) and values ranged from 67% to 

74%. In the rhizome sampled in November, most genotypes did not differ except for Female2 

(F2) which had the lowest percent water. The magnitude of dehydration in storage roots and 

rhizomes from August to November differed among genotypes. Overall, percent water decreased 

from August to November in both the storage roots and rhizome; variability among genotypes 

increased from August to November for storage root, but not rhizome percent water (Figure 4.3, 

Figure 4.4). Combining ability test showed no significance for both GCA and SCA for storage 

root and rhizome percent water. Parent-offspring regression indicated no heritability for the trait: 

storage root, h2 = 0.19-0.38, p > 0.30, rhizome, h2 = 0.32-0.39, p > 0.08. 
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Table 4.2. Summary of significant fixed effects P ≤ 0.05 as determined from the restricted 

maximum likelihood (REML) covariance parameter estimates for asparagus genotypes sampled 

across two harvest dates (mid-August and early-November) over two years. 
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Parameterz  Genotype (G)  Harvest Date (H) G x H 

SR-% Water       *    *    * 

RZ-% Water       *    *    * 

Chlorophyll       *    *    * 

SR-Proline       *    *    * 

RZ-Proline      NS    *   NS 

SR-Glucose       *    *    * 

RZ-Glucose       *    *    * 

SR-Sucrose       *    *    * 

RZ-Sucrose       *    *    * 

SR-LF       NS    *   NS 

RZ-LF       NS    *   NS 

SR-HF       NS    *   NS 

RZ-HF        *    *    * 
zSR = storage root; RZ = rhizome; LF = low-molecular-weight fructan; HF = high-molecular-

weight fructan. 

*Significant, P<0.05; NS = non-significant. 
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Table 4.3. Narrow-sense heritability estimates (h2) derived from parent-offspring regressions on 

physiological and metabolic parameters among 15 hybrids. Means of hybrids from year 1 are 

regressed on the mid-parent points in year 2, and vice versa, to minimize the environmental 

influence. 
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Parametery 
Year 1z Year 2 

h2 P value h2 P Value 

Fern Chlorophyll 0.59 < 0.01 0.52 < 0.01 

SR-%H2O 0.19 0.33 0.38 0.31 

RZ-%H2O 0.32 0.09 0.39 0.69 

SR-Proline 0.53 < 0.01 0.46 < 0.01 

RZ-Proline 0.08 0.43 0.07 0.34 

SR-Glucose 0.10 0.38 0.10 0.42 

RZ-Glucose 0.49 < 0.01 0.53 < 0.01 

SR-Sucrose 0.00 0.98 0.07 0.76 

RZ-Sucrose 0.39 < 0.01 0.40 < 0.01 

SR-LF 0.23 0.16 0.15 0.09 

RZ-LF 0.02 0.81 0.11 0.49 

SR-HF 0.01 0.94 0.08 0.49 

RZ-HF 0.41 0.09 0.68 < 0.01 
zYear 1, year 1 offspring and year 2 mid-parent values; Year 2, year 2 

offspring and year 1 mid-parent values 
y
SR-%H2O, storage root percent water; RZ-%H2O, rhizome percent water; 

SR-Proline, storage root proline; RZ-proline, rhizome proline; SR-Glucose, 

storage root glucose; RZ-Glucose, Rhizome glucose; SR-Sucrose, storage 

root sucrose; RZ-Sucrose, rhizome sucrose; SR-LF, storage root low-

molecular-weight fructan; RZ-LF, rhizome low-molecular-weight fructan; 

SR-HF, storage root high-molecular-weight fructan; RZ-HF, rhizome high-

molecular-weight fructan 



75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Storage root percentage water for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (3.66 %) at 

P≤0.05. 
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Figure 4.2. Rhizome percentage water for 42 asparagus genotypes at two harvest dates, including 

mid-August (A), and early-November (B). Data were combined over four blocks across two 

years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to indicate 

significant differences among genotypes within and between harvest dates (3.92 %) at P≤0.05. 
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Figure 4.3. Variation among 42 genotypes for storage root percentage water at two harvest dates, 

presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. 
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Figure 4.4. Variation among 42 genotypes for rhizome percentage water at two harvest dates, 

presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. 
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4.4.3  Chlorophyll 

 

Supermale and female clones and hybrids did not differ for chlorophyll concentration in mid-

August (Figure 4.5A). Values decreased significantly from August to November (Figure 4.5B); 

whereas variability among genotypes increased from August to November (Figure 4.6). An 

average loss in chlorophyll concentration was 61% and the values ranged from 45 to 74% among 

the genotypes. For the November sampling, genotypes varied significantly for chlorophyll 

concentration, ranging from 0.6 to 1.3 mg/g FW. Analysis of select supermale and female parents 

in a NCII mating design indicated no significant effects for GCA and SCA. Narrow-sense 

heritability estimates from parent-offspring regressions ranged from 0.52 to 0.59 (p<0.01). 

 

4.4.4  Proline 

Genotypes did not vary significantly for rhizome proline concentration at either harvest date 

(Table 4.1). The effect of harvest date was significant; average proline concentration increased 

over four-fold from August (4.75 mg/g DW) to November (21.59 mg/g DW). 

Genotypes did not differ for storage root proline concentration in August; the average 

concentration was 4.01 mg/g DW (Figure 4.7A). Significant variation was observed among 

genotypes sampled in November, with values ranging from 11.51 mg/g DW to 19.10 mg/g DW 

(Figure 4.7B). In general, proline concentration increased from August to November in both the 

storage roots and rhizome; variability among genotypes increased from August to November for 

storage root (Figure 4.8), but not for rhizome proline concentration (data not shown). GCA and 

SCA were not significant for both storage root and rhizome proline. Significant narrow-sense 

heritability was estimated for storage root proline: h2 = 0.46- 0.53, p < 0.01. Heritability was  
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Figure 4.5. Fern chlorophyll concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (0.32 g/mg 

FW) at P≤0.05. FW=Fresh Weight. 
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Figure 4.6. Variation among 42 genotypes for fern chlorophyll concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. FW=Fresh Weight. 
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Figure 4.7. Storage root proline concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (1.76 g/mg 

DW) at P≤0.05. DW=Dry Weight.
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Figure 4.8. Variation among 42 genotypes for storage root proline concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. DW=Dry Weight. 
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not significant in the rhizome: h2 = 0.07-0.08, p > 0.30. 

 

4.4.5  Glucose 

Supermale and female clones and hybrids did not differ for glucose concentration in mid- 

August; mean values were 4.61 mg/g DW and 4.76 mg/g DW for storage roots (Figure 4.9A) and 

rhizomes (Figure 4.10A), respectively. Storage root glucose concentration increased up to three-

fold, from mid-August to November, when values varied from 8.45 mg/g DW to 14.71 mg/g DW 

(Fig. 4.9B). Rhizome glucose concentration increased similarly during the period and values in 

November ranged from 9.11 mg/g DW to 15.02 mg/g DW (Fig. 4.10B). Different genotypes 

showed dissimilar accumulation of glucose from mid-August to November; concentrations 

increased more in storage root than rhizome for some genotypes, and vice versa. Overall, glucose 

concentration increased from August to November in both the storage roots and rhizome; 

variability among genotypes increased from August to November for both tissues (Figure 4.11, 

Figure 4.12). There was no indication for GCA and SCA for both storage root and rhizome 

glucose. Narrow-sense heritability estimates of rhizome glucose content ranged from 0.49 to 

0.53 (p<0.01) and those for storage root were 0.1 (p>0.30). 

 

4.4.6  Sucrose 

Genotypes did not differ for sucrose concentrations in storage root (Figure 4.13A) or rhizome 

(Figure 4.14A) in mid-August; concentration was higher in rhizomes than storage roots, 

averaging 113.75 mg/g DW and 59.19 mg/g DW, respectively. Storage root sucrose 

concentration increased significantly, 27-55%, by November depending on the genotype (Figure 

4.13B). Unlike the storage root, rhizome sucrose decreased from mid-August to early-November 
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Figure 4.9. Storage root glucose concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (1.72 g/mg 

DW) at P≤0.05. DW=Dry Weight. 
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Figure 4.10. Rhizome glucose concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (1.66 g/mg 

DW) at P≤0.05. DW=Dry Weight. 
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Figure 4.11. Variation among 42 genotypes for storage root glucose concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. DW=Dry Weight. 
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Figure 4.12. Variation among 42 genotypes for rhizome glucose concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. DW=Dry Weight. 
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Figure 4.13. Storage root sucrose concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (9.14 g/mg 

DW) at P≤0.05. DW=Dry Weight.
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Figure 4.14. Rhizome sucrose concentration for 42 asparagus genotypes at two harvest dates, 

including mid-August (A), and early-November (B). Data were combined over four blocks 

across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar is used to 

indicate significant differences among genotypes within and between harvest dates (8.52 g/mg 

DW) at P≤0.05. DW=Dry Weight.
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Figure 4.15. Variation among 42 genotypes for storage root sucrose concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. DW=Dry Weight. 
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Figure 4.16. Variation among 42 genotypes for rhizome sucrose concentrations at two harvest 

dates, presented using box plots. For each genotype, mean values were calculated by combining 

observations over four blocks across two years (2011 and 2012) (n=8). Vertical lines represent 

first (lower) and fourth (upper) quartiles and terminate (small horizontal line) at minimum and 

maximum values, respectively; boxes represent the second (lower) and third (upper) quartiles 

and intersect at the median. DW=Dry Weight. 
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(Figure 4.14B). Values ranged from 67.86 mg/g DW to 104.27 mg/g DW; the average value of 

all genotypes was 83.94 mg/g DW. Overall, sucrose concentration increased from August to 

November in storage roots and decreased from August to November in rhizome; variability 

among genotypes increased from August to November for both tissues (Figure 4.15, Figure 4.16). 

There was no indication of GCA and SCA for both storage root and rhizome sucrose. Narrow-

sense heritability estimates for rhizome sucrose concentration ranged from 0.39 to 0.40 (p<0.01) 

and those for storage roots ranged 0.002- 0.07 (p>0.76). 

 

4.4.7  Fructan 

Analysis of variance for storage root and rhizome low-molecular-weight fructan (LF) 

concentration indicated significance for the effect of harvest date only. Therefore data were 

pooled over cultivars for each harvest. Average storage root LF concentration decreased from 

306.10 mg/g DW to 287.10 mg/g DW across genotypes from mid-August to November (data not 

shown). Rhizome LF increased significantly from mid-August to November (data not shown); 

the average values across genotypes were 245.73 mg/g DW and 281.24 mg/g DW for August and 

November, respectively. 

Rhizome HF increased significantly from mid-August to November. Genotypes did not differ 

in August but significantly differed in November, HF concentration values ranging from 143.55 

mg/g DW to 187.92 mg/g (Figure 4.17). Genotype and genotype x harvest date interaction 

effects were not significant for storage root HF concentration, however, average values increased 

significantly from August to November, 325.94 mg/g DW and 389.91 mg/g DW, respectively. 

Interestingly, rhizome HF concentration in November was the only fructan measure that varied 
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Figure 4.17. Rhizome high-molecular-weight fructan concentration for 42 asparagus genotypes 

at two harvest dates, including mid-August (A), and early-November (B). Data were combined 

over four blocks across two years (2011 and 2012) (n=8). A least significant difference (LSD) bar 

is used to indicate significant differences among genotypes within and between harvest dates 

(17.30 g/mg DW) at P≤0.05. DW=Dry Weight.

 

 

 

 

 

 

 



111 

 

 

 

 

 

 

 

 

 



112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. Variation among 42 genotypes for rhizome high-molecular-weight fructan 

concentrations at two harvest dates, presented using box plots. For each genotype, mean values 

were calculated by combining observations over four blocks across two years (2011 and 2012) 

(n=8). Vertical lines represent first (lower) and fourth (upper) quartiles and terminate (small 

horizontal line) at minimum and maximum values, respectively; boxes represent the second 

(lower) and third (upper) quartiles and intersect at the median. DW=Dry Weight.
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amongst the genotypes. Overall, HF concentration increased from August to November in both 

the storage roots and rhizome; variability among genotypes increased from August to November 

for rhizome (Figure 4.18), but not storage root HF concentration. 

In general total fructan increased from the first harvest to the second, accounted for up to 

67% and 45% of the total dry mass in storage root and rhizome, respectively. There was no 

indication of GCA and SCA for both storage root and rhizome fructans. Narrow-sense 

heritability estimates for storage root LF concentration ranged from 0.15 to 0.23 (p<0.09) and 

those for rhizome ranged 0.02- 0.11 (P > 0.4908). Narrow-sense heritability estimates for 

rhizome HF were 0.41 and 0.68 with P-values of 0.0906 and 0.0021, respectively, and those for 

storage root HF concentration ranged from 0.01 to 0.08 (p>0.49). 

 

4.4.8  Correlations 

Spearman’s rank-order correlation coefficients, r, among physiological and metabolic 

parameters were calculated and summarized for parameters measured on the November harvest 

date (Table 4.4). Percent water was not correlated with any parameter. Fern chlorophyll 

concentration was correlated with proline and certain sugar concentrations in certain organs. 

Storage root proline concentration was correlated with sugars in the rhizome; glucose, sucrose 

and HF. Rhizome glucose concentration was correlated with rhizome sucrose and HF 

concentrations and storage root glucose concentration was correlated with rhizome glucose and 

sucrose concentrations. Finally, rhizome sucrose and rhizome HF concentrations were also 

correlated. 
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Table 4.4. Spearman’s rank-order correlation coefficients, r, among physiological and metabolic 

parameters for asparagus genotypes sampled during early-November over two years. 
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 SR-%H2O
Z RZ-%H2O SR-Proline RZ-Proline SR-Glucose RZ-Glucose SR-Sucrose RZ-Sucrose SR-LF RZ-LF SR-HF RZ-HF 

Fern 

Chlorophyll 

r = 0.07  

p = 0.19 

r = 0.24  

p = < 0.01 

r = -0.58  

p = < 0.01 

r = 0.08  

p = 0.17 

r = -0.29 

p = < 0.01 

r = -0.43  

p = < 0.01 

r = -0.09 

p = 0.09                                                                                                                                                                                                                                                                                                                                                    

r = 0.43 

p = < 0.01 

r = -0.03  

p = 0.63 

r = -0.03  

p = 0.64 

r = -0.08 

p = 0.15 

r = 0.49  

p = < 0.01 

SR-%H2O  r = 0.47  

p = < 0.01 

r = -0.08  

p = 0.15 

r = 0.11  

p = 0.06 

r = 0.01  

p = 0.83 

r = -0.06  

p = 0.26 

r = -0.04  

p = 0.53 

r = 0.09 

p = 0.09 

r = -0.17  

p = < 0.01 

r = -0.02  

p = 0.62 

r = -0.05  

p = 0.37 

r = 0.04  

p = 0.50 

RZ-%H2O   r = -0.06 

 p = 0.31 

r = 0.03  

p = 0.54 

r = -0.06  

p = 0.25 

r = -0.94  

p = 0.09 

r = -0.08  

p = 0.15 

r = 0.16  

p = < 0.01 

r = -0.05  

p = 0.42 

r = -0.10  

p = 0.07 

r = -0.10  

p = 0.08 

r = 0.01  

p = 0.82 

SR-Proline    r = -0.04  

p = 0.46 

r = 0.16  

p = < 0.01 

r = 0.52 

p = < 0.01 

r = 0.00  

p = 0.95 

r = -0.46 

p = < 0.01 

r = 0.00  

p = 0.99 

r = -0.02  

p = 0.75 

r = 0.09  

p = 0.12 

r = -0.35  

p = < 0.01 

RZ-Proline     r = -0.08  
p = 0.14 

r = 0.03  
p = 0.54 

r = -0.01 
p = 0.82 

r = 0.01  
p = 0.93 

r = 0.007  
p = 0.90 

r = 0.02 
p = 0.78 

r = -0.10  
p = 0.07 

r = 0.05  
p = 0.39 

SR-Glucose      r = 0.33  
p = < 0.01 

r = -0.11  
p = 0.04 

r = -0.43  
p = < 0.01 

r = 0.03  
p = 0.55 

r = 0.08  
p = 0.16 

r = 0.08  
p = 0.17 

r = -0.02  
p = 0.78 

RZ-

Glucose 

      r = 0.02  

p = 0.77 

r = -0.53  

p = < 0.01 

r = -0.01  

p = 0.85 

r = 0.01 

p = 0.84 

r = 0.08  

p = 0.15 

r = -0.41 

p = < 0.01 

SR-Sucrose        r = 0.10  
p = 0.07 

r = 0.05 
p = 0.41 

r = -0.13  
p = 0.02 

r = 0.14  
p = 0.01 

r = 0.01  
p = 0.82 

RZ-Sucrose         r = -0.03 
p = 0.61 

r = -0.04  
p = 0.42 

r = -0.17  
p = < 0.01 

r = 0.47  
p = < 0.01 

SR-LF          r = 0.09  

p = 0.09 

r = -0.10  

p = 0.07 

r = -0.02  

p = 0.73 

RZ-LF           r = -0.06  

p = 0.32 

r = 0.01  

p = 0.93 

SR-HF            r = -0.10  

p = 0.08 

ZSR-%H2O, storage root percent water; RZ-%H2O, rhizome percent water; SR-Proline, storage root proline; RZ-proline, rhizome proline; SR-Glucose, 

storage root glucose; RZ-Glucose, Rhizome glucose; SR-Sucrose, storage root sucrose; RZ-Sucrose, rhizome sucrose; SR-LF, storage root low-

molecular-weight fructan; RZ-LF, rhizome low-molecular-weight fructan; SR-HF, storage root high-molecular-weight fructan; RZ-HF, rhizome high-

molecular-weight fructan 
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Discussion 

4.5.1  Overall Results and Comparisons with Previous Work 

Genetic variability was observed among asparagus genotypes for the parameters that may 

influence freezing-tolerance during the fall: percentage water and concentrations of fern 

chlorophyll, storage root glucose and sucrose, and rhizome sucrose, proline and HF. The 

differential response of genotypes suggests that metabolite levels are under genetic control and 

could be improved by breeding. In general, fern chlorophyll and rhizome sucrose concentrations, 

and storage root and rhizome percentage water decreased while the concentrations of storage 

root and rhizome proline and glucose and storage root sucrose increased in the fall. Chlorophyll 

concentration was negatively correlated with storage root proline and rhizome glucose 

concentrations, and positively correlated with rhizome high-molecular-weight fructan (HF) 

concentration. Analysis of GCA and SCA using a NCII indicated no significant effects for all 

parameters measured. However, narrow-sense heritability calculated using parent-offspring 

regression found significant additive genetic effects for chlorophyll, storage root proline, and 

rhizome glucose and sucrose concentrations. The reduced number of observations used for 

combining ability analysis, compared to those used for narrow-sense heritability estimation, may 

have affected the results.  

Genetic variability for freezing-tolerance in asparagus has been observed by Panjtandoust 

and Wolyn (unpublished data), where whole crowns of three asparagus cultivars (GM, JG and 

UC) were analyzed under field conditions for LT50. The cold hardy cultivar, GM, demonstrated 

the most freezing-tolerance by early-October; JG and UC had similar but lower freezing-

tolerance than GM. Interestingly, freezing-tolerance increased for all three cultivars during fall 
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cold-acclimation and they did not differ for the trait in mid-November. LT50 was correlated with 

crown percentage water and sucrose, LF and HF concentrations. Landry and Wolyn (2011b) 

studying cold-acclimation in GM and JG, suggested the former could have improved freezing-

tolerance associated with high concentrations rhizome low-molecular-weight carbohydrates and 

proline, low concentrations of  rhizome sucrose and fern chlorophyll and increased crown 

dehydrations in late fall. 

 

4.5.2  Fern Senescence 

One of the first signs of senescence is the yellowing of above ground fern during fall. 

Chlorophyll concentration was correlated with LT50 in previous, growth chamber seedling 

studies (Landry and Wolyn, 2011a). Timely onset of senescence plays an important role in 

accumulating an adequate reservoir of carbohydrate, which is used throughout winter for 

respiration (Bai and Kelly, 1999a). Inhibition of proper senescence by removal of green 

asparagus fern in summer was detrimental to yield the following year and could lead to loss of 

freeze-tolerance during the fall and spring. Chlorophyll loss during senescence may also be 

important for nitrogen remobilization and related to the accumulation of proline, a cryoprotectant 

and nitrogen reserve in the crown (Dhont et al., 2006). Up to 90% of fern nitrogen is remobilized 

to the crown during the fall (Ledgard et al., 1994). Both seedlings assays (Landry and Wolyn, 

2011a) and the field assessment (Landry and Wolyn, 2011b; Panjtandoust and Wolyn 

(unpublished)) indicate that chlorophyll concentration is correlated with LT50; therefore, 

choosing asparagus genotypes with the greatest loss of chlorophyll in early-November may serve 

to select for lines with high freezing-tolerance.  Moderate narrow sense heritabilities for 

chlorophyll concentration (0.52-0.59) suggest selection gain is possible for this trait. 
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4.5.3  Proline 

Accumulation of proline in below-ground system often correlates with increased freezing-

tolerance (Patton et al., 2007c; Verbruggen and Hermans, 2008). Although the impact of proline 

on freezing-tolerance has been questioned by some authors (Hare and Cress, 1997; Xin and 

Browse, 2000), it is generally accepted that increased proline content is beneficial for cells when 

plants are under stress conditions. Proline may act as cryoprotectant by protecting enzymes from 

denaturation (Nikopoulos and Manetas, 1991), stabilizing protein synthesis machineries 

(Kandpal and Rao, 1985), scavenging free radicals (Rai, 2002), and diluting toxic compounds 

(Heber et al., 1971). Previous studies consistently suggested asparagus cultivars with high crown 

proline content have higher freezing-tolerance compared to cultivars with low proline content 

(Landry and Wolyn, 2011a). Therefore proline accumulation in the crown may also be useful 

when selecting for breeding lines with high freezing-tolerance. 

Genetic variation was observed among genotypes for storage root but not rhizome proline 

concentration. This may indicate the incomplete transport of proline from the fern to the crown 

system (Sarkar et al., 2009). Also, the differential onset of proline transport among genotypes 

may have resulted from variation in proline accumulation. This is supported by Landry and 

Wolyn (2011b), where a constant increase of proline concentration until mid-November was 

demonstrated in both storage root and rhizome tissues and cultivars GM and JG only varied for 

storage root proline.  Moderate heritability for storage root proline indicates selection gain is 

possible. 

 

4.5.4  Crown Carbohydrate 

Studies suggest that low-molecular-weight fructan may provide a direct mechanism for 
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freezing-tolerance (Hendry, 1987; Herman et al., 2006). In this study LF decreased in the storage 

root while LF increased in the rhizome during cold-acclimation, and genetic variation was 

observed only for HF in the rhizome. Two cultivars, GM and JG, grown for production in Ontario 

showed dissimilar patterns of fructan assimilation (Landry and Wolyn, 2011ab). The well 

adapted cultivar, GM, showed a decrease of HF in the rhizome from early-September to mid-

November; JG, less adapted to Ontario than GM showed increased rhizome HF in the fall. 

Perhaps the hydrolysis of HF into LF in the rhizome may play an important role in improving 

freezing-tolerance of the crown during fall. Heritability for rhizome HF ranged 0.41 to 0.68; thus 

selection to improve this trait is plausible. 

Simple sugars, such as glucose and sucrose have been reported to be cryoprotectants, and 

have been shown to increase freezing-tolerance in plants (Allison et al., 1999). In vitro tests of 

asparagus cells indicate increased freezing-tolerance when the cells were incubated with sucrose 

(Jitsuyama et al., 2002). Also, simple sugars and LF polymers have been suggested to protect 

proteins and membranes (Livingston et al., 2009). In the present study, LF in the storage root 

decreased and the glucose and sucrose concentrations increased. These increases may be due to 

the net hydrolysis of LF, as senescence restricted the substrate input for LF synthesis (Gasecka et 

al., 2008; Nelson and Spollen, 1987; Taga et al., 1980), although results reported here indicate no 

correlation between storage root LF and glucose or sucrose concentrations. The previous field 

study supports the observation herein, where the cold-acclimation of storage roots was associated 

with increased glucose (Landry and Wolyn, 2011b). 

Sucrose is the primary transport sugar of asparagus (Cairns, 1992). The decline in sucrose 

concentration in the rhizome is an interesting observation as an increase of bud sucrose was 

expected based on the previous studies (Jitsuyama et al., 2002; Palonen et al., 2000). Landry and 
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Wolyn (2011b) found a similar result to that reported here, suggesting the decline in rhizome 

sucrose with fern senescence could be an indicator for cessation of carbohydrate import from the 

fern to the crown. This is further supported by a moderate correlation between rhizome sucrose 

and chlorophyll concentration reported here. 

 

4.5.5  Summary 

Selection for freezing-tolerance in asparagus breeding populations using a direct estimate 

such as LT50 is difficult due the size of an established crown, the large number of plants that must 

be frozen at a range of temperatures, and facilities required to treat and regrow plants. Several 

biochemical and physiological parameters have been shown to be correlated with LT50 in both 

field and growth chamber studies of asparagus, including percent water, and chlorophyll, sucrose, 

proline and HF concentrations (Panjtandoust and Wolyn (unpublished); Landry and Wolyn, 

2011ab) and could be used efficiently as indirect selection measures. In this study, genetic 

variability and moderate heritabilities were observed for chlorophyll, storage root proline and 

rhizome HF concentrations in the asparagus germplasm collection at the University of Guelph. 

Based on the correlation and heritability tests, fern chlorophyll, storage root proline and rhizome 

HF concentrations can be used to breed for freezing-tolerance in the future. 
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5  OVERALL DISCUSSION AND CONCLUSIONS 

 

   In this study, changes in metabolites were identified for different genotypes of asparagus 

exposed to low-temperatures, either in the field or under controlled environments. The results of 

these two experiments suggest genetic variation exists among genotypes of asparagus for 

response to low-temperature conditions in preparation for dormancy. 

Under controlled conditions, GM had the greatest tolerance to freezing when treated with 

low-temperature acclimation, followed by JG, then by UC; this correlates with the cultivars’ 

longevity under field conditions. The LT50 decreased (increase in freeze-tolerance) only in 

response to low temperature; short photoperiod alone had no effect and it did not produce a 

synergistic response with temperature. Chlorophyll, proline, LF and HF concentrations were also 

affected by low temperature treatment but not short photoperiod. Additional sub-freezing 

acclimation following low-temperature acclimation increased LT50 of JG and UC, but did not 

affect GM; concentrations of all metabolites, with the exception of sucrose, were not affected by 

sub-freezing acclimation. Overall, freezing-tolerance was best correlated with loss of chlorophyll, 

decrease in crown percentage water, as well as increases in crown proline and HF concentrations. 

Field-grown asparagus genotypes generally did not differ in August for biochemical or 

physiological parameters related to freezing-tolerance. After cold-acclimation in November, 

genotypes varied for chlorophyll, glucose, sucrose, storage root proline and rhizome HF 

concentrations, and crown water percentage, suggesting genetic variation and trait improvement 

through breeding. Significant narrow-sense heritability estimates from parent-offspring 

regressions for chlorophyll, storage root proline, and rhizome glucose and sucrose concentrations 

further support the potential to genetically alter these important traits. GCA and SCA analysis 
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from North Carolina Design II indicated no significant effect for all parameters, however, a 

limited number of parents and hybrids were tested. 

Senescence could serve as a phenotypic marker for the early development of freezing-

tolerance and induction of dormancy during the transition from fall to winter to select for the 

hardiest genotypes, based on the results reported here and those of others (Landry and Wolyn, 

2011ab). A correlation between chlorophyll catabolism and crown dehydration was predicted; 

however, only rhizome percent water was correlated weakly with chlorophyll concentration in 

the field study presented here. The pre-selection of genotypes for this study for some adaptation 

to Southern Ontario could explain this result; alternatively, error in percent water estimates may 

have been realized because crowns were not processed immediately after harvest and some 

dehydration may have occurred during storage, although efforts were made to minimize this 

effect. The chlorophyll concentrations for most genotypes tested were lower than that for JG 

(H18 in Table 4.4; GM = H04), a Southern Ontario cultivar that often remains green until frost 

and suffer yield decline after several seasons. In the growth chamber seedling study of three 

cultivars with distinct adaptation to Southern Ontario, a strong correlation was observed between 

fern chlorophyll concentration and LT50 (low chlorophyll-high freezing-tolerance). Chlorophyll 

concentration was also correlated positively with crown percentage water and negatively with 

proline and sucrose concentrations. Therefore, these results suggest that genotypes with greater 

chlorophyll loss are better in preparing for the winter. 

   The rhizome is likely more susceptible to freezing damage than the storage root. When 

crowns are exposed to sub-zero temperatures, buds and rhizomes often show freezing damage 

while storage roots appear unaffected. Higher fructan concentration in the storage root than 

rhizome may explain this observation. The rhizome may also be more important for developing 
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freeze-tolerance and maintaining winterhardiness because it functions as a storage reservoir for 

protein and nitrogen, and the shoots and roots form from this organ. The field results herein and 

those by Landry and Wolyn (2011b) described distinct patterns of metabolite accumulation 

between the two tissues, suggesting that they may serve different roles not only during the 

preparation for winter, but also throughout winter respiration. 

   In the growth chamber seedling study, freezing-tolerance increased with cold-acclimation 

alone, and photoperiod had no effect. This result, in addition to those described above for 

chlorophyll concentration, suggest that one could develop a simple and efficient seedling screen 

for freezing-tolerance, where seedlings are acclimated under low temperatures and chlorophyll 

concentrations are measured. From the field study, moderate narrow sense heritability estimates 

for chlorophyll concentration further support this method. 

In the future, experiments can be conducted to generate hybrids by crossing parents with 

early loss of chlorophyll in the fall and favorable market characteristic (yield, quality, disease 

resistance, etc.). The best hybrids could be determined by conducting seedling analysis of 

chlorophyll loss in growth chambers and evaluation of other important characteristics in the field. 
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6 APPENDICES 

Appendix A 

Table A.1 Origins for clonal Asparagus officinalis L. genotypes analyzed in Chapter 4. Sex of 

the genotype is identified as F (female), SM (supermale), and M (male) 

Genotype Origin 

F01 North America 

F02 mixed 

F03 mixed 

F04 North America 

F05 unknown 

F06 Europe 

F07 mixed 

F08 North America 

F09 mixed 

F10 Europe 

F11 North America 

F12 unknown 

F13 mixed 

M01 North America 

SM01 mixed 

SM02 Europe 

SM03 Europe 

SM04 Europe 

SM05 mixed 

SM06 Europe 

SM07 Asia 

SM08 unknown 

SM09 North America 

SM10 Europe 
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Table A.2 Pedigrees, and code numbers for Hybrid Asparagus officinalis L. genotypes analyzed 

in Chapter 4. All hybrids are presumed male. 

 

Genotype Pedigree 

Hyb01 F1 x SM01 

Hyb02 F1 x SM02 

Hyb03 F1 x SM03 

Hyb04 F1 x SM04 (MILLENNIUM) 

Hyb05 F1 x SM05 

Hyb06 F2 x SM01 

Hyb07 F2 x SM02 

Hyb08 F2 x SM03 

Hyb09 F2 x SM04 

Hyb10 F2 x SM11 

Hyb11 F3 x SM01 

Hyb12 F3 x SM02 

Hyb13 F3 x SM03 

Hyb14 F3 x SM04 

Hyb15 F3 x SM05 

Hyb16 F4 x SM01 

Hyb17 F5 x SM06 

Hyb18 GIANT 
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Appendix B 

Mean Comparisons between Parents And Average Calculated From Hybrids. 

Values of the hybrids were combined to generate a mean for a specific female or supermale 

parent, and it was compared with the mean of the corresponding parent (Table B.1-13). 

Correlation tests were performed to determine how closely they were related. Only rhizome 

glucose (r = 0.77, p = 0.042) was significantly correlated. None of the other parameters showed 

significant correlation between the actual parent values and mean of progeny. However, although 

not significant, certain metabolites showed some general correlations; chlorophyll (r = 0.60, p = 

0.15), storage root proline (r = 0.55, p = 0.19), rhizome percentage water (r = 0.72, p = 0.068), 

rhizome sucrose (r = 0.75, p = 0.050), and rhizome HF (r = 0.66, p = 0.10). 
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Table B.1  Mean storage root percentage water (%) of six parental asparagus (Asparagus officinalis L.) genotypes, 

the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root percentage water (%) 

SM1 (G827) 67.17 b 70.34 b 68.64 b  68.72 68.24 bc 

SM2 (G829) 66.70 b 68.76 b 70.45 b  68.64 69.07 b 

SM3 (G973) 68.29 b 69.30 b 68.74 b  68.78 71.72 b 

SM4 (G305) 

 

68.63 b 71.55 b 69.05 b  69.74 70.11 b 

Progeny Mean 

(Female) 

67.70 69.99 69.22    

Parent Mean 

(Female) 

68.62 bc 63.48 c 71.69 b    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

 

Table B.2  Mean rhizome percentage water (%) of six parental asparagus (Asparagus officinalis L.) genotypes, the 

progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome percentage water (%) 

SM1 (G827) 68.86 c 71.72 c 71.37 c  70.65 71.68 de 

SM2 (G829) 68.49 c 69.07 c 70.49 c  69.35 73.40 cd 

SM3 (G973) 70.59 c 72.71 bc 71.58 c  71.63 74.08 bcd 

SM4 (G305) 

 

70.71 c 71.66 c 69.55 c  70.64 71.27 de 

Progeny Mean 

(Female) 

69.66 71.29 70.75    

Parent Mean 

(Female) 

71.47 de 67.44 e 71.78 e    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.3  Mean chlorophyll concentration (mg/g) of six parental asparagus (Asparagus officinalis L.) genotypes, 

the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Chlorophyll concentration (mg/g) 

SM1 (G827) 0.62 de 0.64 de 0.66 cde  0.64 0.90 bc 

SM2 (G829) 0.62 de 0.93 bcde 0.94 bcd  0.83 1.21 bc 

SM3 (G973) 0.76 bcde 1.18 b 1.06 bc  1 1.30 b 

SM4 (G305) 

 

0.60 e 0.59 e 0.93 bcde  0.71 0.77 c 

Progeny Mean 

(Female) 

0.65 0.84 0.90    

Parent Mean 

(Female) 

0.88 bc 0.86 bc 0.84 bc    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.4  Mean storage root proline concentration (mg/g DW) of six parental asparagus (Asparagus officinalis L.) 

genotypes, the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root proline concentration (mg/g DW) 

SM1 (G827) 18.39 a 18.48 a 19.13 a  18.67 18.67 a 

SM2 (G829) 18.73 a 14.40 cd 14.17 cd  15.77 16.66 b 

SM3 (G973) 15.81 bc 12.37 de 11.73 e  13.30 15.60 bc 

SM4 (G305) 

 

18.22 a 17.96 ab 13.26 de  16.48 14.85 bc 

Progeny Mean 

(Female) 

17.79 15.80 14.57    

Parent Mean 

(Female) 

15.30 bc 14.74 c 11.44 d    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

Table B.5  Mean rhizome proline concentration (mg/g DW) of six parental asparagus (Asparagus officinalis L.) 

genotypes, the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome proline concentration (mg/g DW) 

SM1 (G827) 21.38 a 21.61 a 21.18 a  21.39 22.91 a 

SM2 (G829) 20.41 a 21.75 a 21.90 a  21.35 21.02 a 

SM3 (G973) 21.05 a 20.77 a 21.03 a  20.95 21.94 a 

SM4 (G305) 

 

21.25 a 22.04 a 22.32 a  21.87 22.09 a 

Progeny Mean 

(Female) 

21.02 21.54 21.61    

Parent Mean 

(Female) 

22.13 a 21.40 a 21.37 a    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.6  Mean storage root glucose concentration (mg/g DW) of six parental asparagus (Asparagus officinalis 

L.) genotypes, the progeny from each female and male parent, and the progeny from each female x male 

combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root glucose concentration (mg/g DW) 

SM1 (G827) 14.22 ab 11.02 cd 13.94 abc  13.06 9.47 b 

SM2 (G829) 14.71 a 11.17 cd 8.95 d  11.61 12.73 a 

SM3 (G973) 9.82 d 9.38 d 11.46 bcd  10.22 9.61 b 

SM4 (G305) 

 

9.73 d 13.05 abc 9.52 d  10.77 12.76 a 

Progeny Mean 

(Female) 

12.12 11.16 10.97    

Parent Mean 

(Female) 

9.50 b 10.76 b 10.20 b    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

 

Table B.7  Mean rhizome glucose concentrations (mg/g DW) of six parental asparagus (Asparagus officinalis L.) 

genotypes, the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome glucose concentration (mg/g DW) 

SM1 (G827) 14.05 ab 12.91 abc 13.85 ab  13.60 13.93 a 

SM2 (G829) 13.37 ab 9.35 d 10.23 cd  10.98 14.04 a 

SM3 (G973) 11.25 bcd 9.40 d 9.92 d  10.19 10.73 b 

SM4 (G305) 

 

14.25 a 13.83 ab 10.36 cd  12.81 14.47 a 

Progeny Mean 

(Female) 

13.23 11.37 11.09    

Parent Mean 

(Female) 

15.06 a 11.79 b 10.69 b    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.8  Mean storage root sucrose concentration (mg/g DW) of six parental asparagus (Asparagus officinalis 

L.) genotypes, the progeny from each female and male parent, and the progeny from each female x male 

combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root sucrose concentration (mg/g DW) 

SM1 (G827) 80.12 ab 85.32 ab 83.85 ab  83.10 85.36 abc 

SM2 (G829) 82.29 ab 87.21 ab 81.89 ab  83.80 79.52 bc 

SM3 (G973) 83.76 ab 94.10 a 84.11 ab  87.32 80.29 abc 

SM4 (G305) 

 

87.71 ab 77.50 b 88.09 ab  84.43 92.16 a 

Progeny Mean 

(Female) 

83.47 86.03 84.49    

Parent Mean 

(Female) 

91.25 ab 83.56 abc 75.81 c    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

 

Table B.9  Mean rhizome sucrose concentrations (mg/g DW) of six parental asparagus (Asparagus officinalis L.) 

genotypes, the progeny from each female and male parent, and the progeny from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome sucrose concentration (mg/g DW) 

SM1 (G827) 67.85 f 68.10 f 67.96 f  67.97 69.07 c 

SM2 (G829) 68.22 f 101.18 bc 100.60 c  90.00 73.09 c 

SM3 (G973) 77.61 e 101.38 bcd 99.27 cd  92.75 84.38 b 

SM4 (G305) 

 

93.21 d 68.88 f 102.23 bc  88.11 72.40 c 

Progeny Mean 

(Female) 

76.72 84.89 92.52    

Parent Mean 

(Female) 

69.63 c 73.60 c 85.07 b    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.10  Mean storage root low-molecular-weight fructan (LF) concentration (mg/g DW) of six parental 

asparagus (Asparagus officinalis L.) genotypes, the progeny from each female and male parent, and the progeny 

from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root LF concentration (mg/g DW) 

SM1 (G827) 292.69 ab 285.92 ab 289.01 ab  289.21 278.24 b 

SM2 (G829) 300.76 ab 279.66 ab 293.67 ab  291.36 283.47 ab 

SM3 (G973) 298.48 ab 293.56 ab 288.58 ab  293.54 287.75 ab 

SM4 (G305) 

 

284.62 b 285.76 ab 287.35 ab  285.91 286.02 ab 

Progeny Mean 

(Female) 

294.14 286.23 289.65    

Parent Mean 

(Female) 

296.82 ab 282.97 ab 288.29 ab    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

 

Table B.11  Mean rhizome low-molecular-weight fructan (LF) concentration (mg/g DW) of six parental asparagus 

(Asparagus officinalis L.) genotypes, the progeny from each female and male parent, and the progeny from each 

female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome LF concentration (mg/g DW) 

SM1 (G827) 278.75 a 278.32 ab 284.16 a  280.41 276.41 ab 

SM2 (G829) 290.02 a 274.61 abcd 288.03 a  284.22 279.60 a 

SM3 (G973) 284.77 a 290.71 a 280.52 a  285.33 274.02 ab 

SM4 (G305) 

 

280.13 a 275.76 abc 277.87 ab  277.92 284.91 a 

Progeny Mean 

(Female) 

283.42 279.85 282.65    

Parent Mean 

(Female) 

267.78 abc 285.01 a 287.74 a    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Table B.12  Mean storage root high-molecular-weight fructan (HF) concentrations (mg/g DW) of six parental 

asparagus (Asparagus officinalis L.) genotypes, the progeny from each female and male parent, and the progeny 

from each female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Storage root HF concentration (mg/g DW) 

SM1 (G827) 398.06 a 388.28 a 386.42 a  390.92 395.97 a 

SM2 (G829) 382.72 a 390.22 a 382.37 a  385.10 390.83 a 

SM3 (G973) 394.32 a 393.24 a 386.84 a  391.47 392.08 a 

SM4 (G305) 

 

389.09 a 394.55 a 378.01 a  387.22 401.51 a 

Progeny Mean 

(Female) 

391.05 391.57 383.41    

Parent Mean 

(Female) 

376.87 a 394.01 a 383.95 a    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 

 

 

 

 

 

 

 

 

Table B.13  Mean rhizome high-molecular-weight fructan (HF) concentration (mg/g DW) of six parental asparagus 

(Asparagus officinalis L.) genotypes, the progeny from each female and male parent, and the progeny from each 

female x male combination. 

 Female Parent    

Male Parent F1 (G024) F2 (G520) F3 (G526)  

Progeny Mean 

(Male) 

Parent Mean 

(Male) 

 Rhizome HF concentration (mg/g DW) 

SM1 (G827) 155.18 bc 157.20 bc 153.20 bc  155.19 143.55 c 

SM2 (G829) 153.02 bc 170.49 ab 168.97 abc  164.16 172.29 ab 

SM3 (G973) 149.65 bc 186.12 a 168.00 abc  167.92 179.13 a 

SM4 (G305) 

 

153.92 bc 153.00 bc 166.92 abc  157.95 150.50 bc 

Progeny Mean 

(Female) 

152.94 166.70 164.27    

Parent Mean 

(Female) 

144.21 c 148.55 bc 149.87 bc    

†Data are pooled over two years. Means with the same letter are not significantly different according to a Tukey’s 

test ( = 0.05). Letters are only comparable within each group (parents, progeny from each female, male, and female 

x male combination). 
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Appendix C  ANOVA Tables 

Table C.1  Degrees of freedom (df) and REML covariance parameter estimates of asparagus seedlings for three cultivars sampled at 

seven different acclimation treatments, two blocks, two reps and across two years (n=168). 

 

  LT50 %H2O Chlorophyll Proline Glucose Sucrose LF HF 

Random Effect df Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z Pr>Z 

Block 1 . . . . . 0.2795 . . 

Year 1 . . . . 0.2528 . . . 

Block*Cultivar 2 . 0.2939 . 0.1704 0.3281 . 0.2384 . 

Block*Treatment 6 . . . . 0.2436 . 0.4962 . 

Block*Year 1 . . . . . 0.3968 . . 

Cultivar*Year 2 0.3169 0.3037 . 0.2836 . . 0.1901 . 

Treatment*Year 6 . . . 0.4127 0.4459 0.397 . 0.3732 

Cultivar*Block*Year 2 . . . . . . 0.3517 . 

Cultivar*Treatment*Block 12 . . 0.0125 0.1943 0.1728 0.0281 . 0.3055 

Cultivar*Treatment*Year 12 0.2516 . . 0.421 . 0.1338 . 0.1609 

Treatment*Block*Year 6 . . . . 0.2958 . . 0.2921 

Residual 96 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

          

Fixed Effect df Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F 

Cultivar 2 0.0052 0.007 0.0278 0.0052 0.3136 0.0175 0.3166 0.0064 

Treatment 6 <0.0001 <0.0001 <0.0001 <0.0001 0.0883 <0.0001 <0.0001 <0.0001 

Cultivar*Treatment 12 <0.0001 <0.0001 0.001 <0.0001 0.2988 0.0003 0.182 0.0003 
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Table C.2  REML covariance parameter estimates for storage root and rhizome metabolic parameters among 42 genotypes harvested 

at two harvest dates, four blocks and across two years 

 

 

  
SR-

H2O 

RZ-

H2O 
Chlorophyll 

SR-

Proline 

RZ-

Proline 

SR-

Glucose 

RZ-

Glucose 

SR-

Sucrose 

RZ-

Sucrose 
SR-LF RZ-LF SR-HF RZ-HF 

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 . 0.2384 . . . . . . . . . 0.3573 . 

Year 1 0.3396 . . . . 0.3579 0.2746 . . . . . . 

Block*Harvest 3 . . . . . . . 0.4776 . . . . . 

Block*Year 3 . . . . . . . 0.4476 . . . . . 

Genotype*Year 41 0.2753 0.3665 . . . . . . . 0.4714 0.4222 0.3397 . 

Harvest*Year 1 0.4176 0.1792 . 0.4806 . . . . . . . . . 

Genotype*Harvest*Year 41 . 0.1775 . 0.3845 . . . . . . 0.329 0.454 . 

Harvest*Block*Year 3 . . . 0.0856 . . . 0.3884 0.1638 . . . . 

Residual 412 <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 

               

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 

Genotype 41 0.0202 0.0394 <0.0001 <0.0001 0.1236 <0.0001 <0.0001 0.0018 <0.0001 0.7966 0.9291 0.2239 <0.0001 

Harvest 1 0.0142 0.0309 0.0071 0.0077 0.0037 0.0089 0.0076 0.0138 0.0094 0.0391 0.0174 0.0105 0.0392 

Genotype*Harvest 41 0.0263 0.0451 <0.0001 <0.0001 0.1385 <0.0001 <0.0001 0.0011 <0.0001 0.9194 0.6713 0.3342 <0.0001 
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Table C.3  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root 

percentage water, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block     7.06e-19  .    .       . 

SuperMale       0  .    .       . 

Female     1.0946     1.4252  0.77      0.2212 

SuperMale*Female  3.36e-17  .    .       . 

Residual     6.9786     1.2851   5.43     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.4  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome 

percentage water, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0  .    .       . 

SuperMale    0.8745     1.1163  0.78     0.2167 

Female     0.8897     1.1265  0.79      0.2148 

SuperMale*Female    0   .    .       . 

Residual     4.1167     0.9546   4.31     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.5  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for fern chlorophyll 

concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0  .    .       . 

SuperMale    0.02893     0.03323  0.87     0.1920 

Female     0.01478     0.01917  0.77      0.2204 

SuperMale*Female  0.01191     0.008861  1.34     0.0895 

Residual     0.001810     0.000382   4.74     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.6  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root 

proline concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0  .    .       . 

SuperMale     6.4503      7.2898  0.88     0.1881 

Female      1.4662      2.3493  0.62      0.2663 

SuperMale*Female   2.1236      1.7203  1.23     0.1085 

Residual      1.3112      0.2936   4.47     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.7  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome proline 

concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0  .    .       . 

SuperMale    0.04194     0.2156  0.19     0.4229 

Female        0     .    .        . 

SuperMale*Female    0   .    .       . 

Residual      3.0266     0.6261   4.83     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.8  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root 

glucose concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block     0.009645      0.1628  0.06     0.4764 

SuperMale     0.5317      2.1256  0.25     0.4012 

Female         0         .    .         . 

SuperMale*Female   2.1236      2.4502  1.56      0.0591 

Residual      3.1167      0.6131   5.08     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.9  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome glucose 

concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0  .    .       . 

SuperMale    2.8987     3.1678  0.92     0.1801 

Female     1.1956     1.4745  0.81     0.2087 

SuperMale*Female  0.3871     0.5368  0.72     0.2354 

Residual     2.6881     0.5154   5.22     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.10  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root 

sucrose concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0         .    .         . 

SuperMale       0         .    .         . 

Female      5.3164      8.3821  0.63     0.2630 

SuperMale*Female     0         .    .         . 

Residual      57.2736      11.0680   5.17     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.11  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome sucrose 

concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block     1.6266     1.9008  0.86      0.1961 

SuperMale    151.85     184.12  0.82     0.2048 

Female     81.9047     114.98  0.71     0.2381 

SuperMale*Female  92.2077     65.6689  1.40     0.0801 

Residual     4.7564     0.9791   4.86     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.12  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root low-

molecular-weight fructan concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0         .    .         . 

SuperMale       0         .    .         . 

Female      25.6451      37.8478  0.68     0.2490 

SuperMale*Female     0         .    .         . 

Residual      244.04      44.9502   5.43     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.13  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome low-

molecular-weight fructan concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0         .    .         . 

SuperMale       0         .    .         . 

Female        0         .    .         . 

SuperMale*Female     0         .    .         . 

Residual      235.71     53.0124   4.45     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 
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Table C.14  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for storage root high-

molecular-weight fructan concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block        0         .    .         . 

SuperMale     5.2905      12.6413  0.42     0.3378 

Female      4.0714      11.3022  0.36     0.3593 

SuperMale*Female     0         .    .         . 

Residual      158.92      31.1425   5.10     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 

 

 

 

 

 

 

 

Table C.15  Variance analysis of the combining abilities of different asparagus (Asparagus 

officinalis L.) female, supermales, and female x supermale combinations for rhizome high-

molecular-weight fructan concentrations, pooled over two years †. 

Random Effect    Estimate   Standard Error     Z-Value     Pr > Z 

Block     1.17e-16        .    .        . 

SuperMale    16.1892     45.7100  0.35     0.3616 

Female     60.6064     88.3070  0.69     0.2463 

SuperMale*Female  69.4972     55.6752  1.25     0.1060 

Residual     54.7826     10.6759   5.13     <.0001 

† There were four replicates in each of 2011 and 2012; a total of 15 values were missing for 

2011 and 2012, so n = 81 

 


