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ABSTRACT 
 

To survive the temperature variation that occurs during the winter months, winter wheat (Triticum 

aestivum L.) plants must tolerate episodes of freezing of varying intensity and duration. In this 

study, fully cold-acclimated plants of six lines of winter wheat were exposed to -12, -14, -16, or         

-18 °C, for 1-5 hours. Electrolyte leakage and plant survival were used to assess damage to the 

plants. Plants exposed to subzero temperatures for 4 hours experienced less electrolyte leakage 

and survived more frequently than plants exposed for 1-3, or 5 hours. This increased tolerance of 

freezing stress after longer exposure suggests a threshold effect that, once reached, results in 

activation of mechanisms that enable greater stability of the cell membranes and greater plant 

survival. Further elucidation of this mechanism and the genes involved may provide new avenues 

of approach to improve freezing tolerance of crop plants. 
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INTRODUCTION 

 

The ability of wheat plants to survive exposure to 

subzero temperatures is determined by complex 

processes. We previously showed that survival of 

exposure to subzero temperatures declined with 

increasing length of time of exposure, and as one 

would expect, up to about 525 minutes at ≤ -10° C, but 

we also found that after the plants have been exposed 

to ≤ -10 °C for 550 to 675 minutes, survival increased 

with increased length of exposure, such that survival 

after 675 minutes of exposure to the low temperature 

was equal to survival after exposure for 325 minutes 

(Skinner 2014). Expression levels of many genes 

changed significantly when wheat plants were exposed 

to -3 °C for even a few hours (Herman et al. 2006), and 

expression levels of hundreds of genes increased 

significantly as the temperature of the wheat plant 

crowns (meristematic regions) was lowered to -10 or -

12 °C (Skinner 2009). While it seems unlikely that this 

upregulation by itself can effect change to the plant 

structures while at subzero temperatures, it may be 

that the mRNA transcripts generated as the 

temperature declines are translated to their protein 

products as the temperature returns to a favorable 

level after the freezing episode ends, resulting in 

metabolic activity that enhances recovery and survival. 

Thus, there is evidence that expression levels of 

hundreds of genes are characteristically changed 

during mild freezing episodes (Herman et al. 2006), 

and more severe freezing episodes (Skinner 2009), 

and that mechanisms are activated at temperatures 

well below freezing such that survival of more severe 

freezing episodes may be greater than survival of less 

severe episodes (Skinner 2014). These observations 

are consistent with a mechanism that is enabled only if 

low temperature stress reaches a sufficiently severe 

threshold level. Less severe freezing stress apparently 

does not activate the mechanism, resulting in greater 

cell damage and decreased survival. 

      The verification of a severe freezing stress survival 

mechanism and the development of an efficient means 

to identify plant lines especially able to effect this 

survival function may provide a means to identify 

sources of freezing tolerance and winter hardiness. 

The objective was to evaluate the ability of fully cold-

acclimated wheat plants to recover from exposure to 

subzero temperatures for extended periods of time 

using electrolyte leakage as a quantitative measure of 

damage, and corresponding survival. 

 

MATERIAL AND METHODS 

 

Plant Materials. Winter wheat cultivars ‘CDC Kestrel’ 

(Fowler 1997), ‘Norstar’ (Grant 1980), ‘Eltan’ (Peterson 

et al. 1991), ‘Tiber’ (Kisha et al. 1992), and ‘Froid’, and 

germplasm line Oregon Feed Wheat #5 (ORFW), 

described in DeNoma (1990); and in Skinner and 

Garland-Campbell (2008a), were investigated. ‘Froid’ 

was developed in Montana, USA and was released in 

1968 (described in Skinner and Garland-Campbell, 

2008b). These lines represent a broad range of 

freezing tolerance, as described in several studies 

(Skinner and Mackey 2009, Skinner 2012, Skinner and 

Bellinger 2010, 2011). In preparation for freezing 

survival tests, plants were grown in Sunshine Mix LC1 

planting medium (Sun Gro Horticulture, Bellevue, WA, 

USA) in 6-container packs (Model 1020, Blackmore 

Co., Belleville, MI, USA). Seeds were germinated and 

plants grown at 22 °C in an incubator under cool, white 

fluorescent lights (about 300 mmol m
-2

 s
-1

 at the soil 

surface) with a 12 h photoperiod until the seedlings 

reached the three-leaf stage. The plants were then 

transferred to 3 °C with a 12 h photoperiod (about   

250 mmol m
-2

 s
-1

 at mid-plant height) for 4 weeks to 

induce cold acclimation prior to freezing damage and 

survival tests. 

 

Freezing impact on electrolyte leakage and plant 

survival. For electrolyte leakage studies, plants were 

removed from the soil and rinsed with ice water; roots, 

residual caryopses, and shoots above the first node 

were removed. The remaining plant was again rinsed 

in ice water, gently blotted dry, and placed in a 15 mL, 

conical, screw cap, polypropylene tube. Only one plant 

was placed in each tube. The tubes were immersed in 

crushed ice as the samples were prepared. Sets of five 

plants from each cultivar were prepared for each 

replication. 

      For plant survival studies, 15 plants in a cell pack 

were removed from the pack, including the soil, rinsed 

briefly in ice water to remove the soil, the plant tops 

above the first node were removed, water was shaken 

from the plants, and the plants were placed within a 50 

ml screw cap, polypropylene tube. These tubes were 

immersed in crushed ice as samples were being 

prepared, then were frozen along with the tubes for 

electrolyte leakage measurements, as follows. 

      The tubes were placed in a programmable freezer 

(Microclimate Benchtop environmental chamber, 

Cincinnati Subzero, Cincinnati, OH, USA) set to 0 °C. 

The temperature was then lowered at a rate of -2 °C/h 

to a target temperature of -12, -14, -16 or -18 °C, and 

held at that temperature for 1, 2, 3, 4, or 5 hours. The 

tubes were then removed from the freezer and quickly 

plunged into crushed ice to allow them to slowly return 

to 0 °C. After 30 minutes, the tubes were removed 

from the crushed ice, 5 mL of pure water (Barnstead  

E-Pure Ultrapure Water Purification System, Thermo 

Fisher Scientific, Waltham, MA USA) at room 
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temperature were added to each tube, and the tubes 

were placed on a laboratory shaker with gentle shaking 

(75 RPM). The plants in the 50 mL tubes for survival 

studies were placed in an incubator at 3 °C. After      

12 hours of shaking, the electrical conductivity of the 

solution in the 15 ml tubes was measured with a 

conductivity meter (Hanna model HI 2300, with 

conductivity probe HI 76310, Hanna Instruments, 

Woonsocket, RI, USA). The tubes were then immersed 

in liquid nitrogen for several minutes until completely 

frozen, then were placed back on the rotary shaker. 

When the tubes had thawed and the temperature of 

the solution had returned to room temperature, the 

conductivity was again measured as above. Damage 

from the freezing episode was quantified as the 

conductivity of the solution from the frozen plants 

(largely due to electrolytes that had leaked from the 

frozen plants) expressed as a percentage of the 

conductivity of the solution after freezing in liquid 

nitrogen, assumed to completely rupture the cell 

membranes. 

      After 24-48 hours at 3 °C, the plants to be used for 

survival studies were transplanted back into cell packs 

as described above, and placed in an incubator at     

20 °C with a 12 h photoperiod. These plants were 

allowed to grow for 3-4 weeks, then the plants that 

were alive were counted. Electrolyte leakage and 

survival for each combination of wheat line, minimum 

temperature, and time at the minimum temperature 

was repeated four times as completely independent 

replications. 

 

Data analysis. All statistical analyses were conducted 

with JMP version 10.0 from the SAS Institute 

(http://www.sas.com). Electrolyte leakage was 

expressed as the measured electrical conductivity after 

freezing and 12 hours incubation in pure water, divided 

by the electrical conductivity after the plants had been 

frozen in liquid nitrogen. Survival was expressed as the 

percentage of plants that had survived from each 50 ml 

tube. Because these quantities are percentages, for 

data analysis purposes, they were arcsine, square root 

transformed as recommended (Snedecor and Cochran 

1967) but for clarity, are expressed in the original scale 

in this report. 

 

RESULTS AND DISCUSSION 

 

The measured electrical conductivity ranged from     

0.9 to 100% of the conductivity from plants frozen in 

liquid nitrogen. Survival ranged from 0 to 100% in 

individual trials. The correlation coefficient of survival 

and electrical conductivity was R
2
 = -0.51 (P < 0.0001), 

indicating a highly significant, negative linear 

relationship. The analysis of variance showed that 

each of the factors considered were significant sources 

of variation except for replications in both electrolyte 

leakage and survival studies (Table 1). The 

percentages of plants surviving, averaged over all 

temperature treatments (Table 2), were consistent with 

expectations based on numerous previous studies. 
 

Table 1. Analyses of variance of electrolyte leakage 

measurements and survival of winter wheat plants frozen to  

-12, -14, -16, or -18 °C for 1 to 5 hours. 

Source 
Degrees of 

Freedom 

Sums of Square 

Electrolyte 

leakage 
Survival 

Wheat lines 
 

5 94.2** 694.2** 

Minimum 

temperatures 
 

3 44.9** 141.2** 

Time at 

minimum 
 

4 21.4** 500.3** 

Replication 3 0.09 4.2 

** Significant at P < 0.001 

 

Table 2. Means separation of survival of winter wheat lines 

frozen to -12, -14, -16, or -18 °C for 1 to 5 hours. 

Wheat Line Mean Survival 
#
 

Norstar 0.82 a 

Froid 0.60 b 

CDC Kestrel 0.51 c 

Tiber 0.39 d 

Eltan 0.27 e 

ORFW 0.01 f 
 

#
 Means are based on four replications of 15 plants each at each  

minimum temperature/time at the minimum combination. Means 
followed by the same letter are not significantly different at P=0.05. 

 

      Averaged over the minimum temperatures used, 

electrolyte leakage increased with greater time that the 

plants were held at the minimum temperature for        

1-3 hours, but then was significantly less after 4 hours 

than 3 hours (Table 3). A corresponding increase in 

survival also was seen when the plants were held at 

the minimum temperature for 4 hours (Table 3). 

Analysis of variance and means separation showed 

that survival after 4 hours at the minimum temperature 

was significantly greater than survival after two, three, 

or 5 hours (Table 3). Similarly, the corresponding 

analysis of the electrolyte leakage data showed that 

the average leakage after 4 hours at the minimum 

temperature was significantly less than after 2, 3, or    

5 hours (Table 3). 
      On an individual wheat line basis, it can be seen 

that the average survival of Norstar was significantly 

greater than the survival of any of the other wheat lines 

(Table 2), and the average survival of Froid was 

significantly greater than that of the other four lines 

studied (Table 2). Norstar and Froid also survived 

freezing to the minimum temperature for 5 hours more 

frequently than they survived freezing to the minimum 

temperature for 2-4 hours (Figure 1), indicating that 
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part of the greater freezing tolerance of these two 

wheat cultivars was due to an enhanced ability to 

tolerate longer exposure to severe subzero 

temperatures. Previous research also showed that 

Norstar and Froid tolerated freezing to -5 °C for several 

weeks significantly more frequently than other varieties 

(Skinner and Garland-Campbell 2008b). 
 

Table 3. Means separation of electrolyte leakage 

measurements and survival of winter wheat plants frozen to  

-12, -14, -16, or -18 °C for 1 to 5 hours. 

Hours at 

Minimum 

Temperature 

Mean Electrolyte 

Leakage 
#
 

Mean Survival 
@

 

1 0.37 d 0.89 a 

2 0.53 b 0.28 c 

3 0.55 ab 0.20 d 

4 0.49 c 0.34 b 

5 0.66 a 0.23 cd 
 

#
 Electrolyte leakage is expressed as the ratio of electrical 

conductivity of solution leaked from plants frozen to the minimum 

temperature for the indicated time relative to conductivity of the 

solution leaked from the same plants after freezing in liquid nitrogen. 
@

 Means are based on four replications of each temperature/time at 

minimum combination of wheat lines Norstar, Eltan, Froid,          

CDC Kestrel, Tiber, and Oregon Feed Wheat #5. Means are the 

proportions of plants that survived and regrew; means followed by 

the same letter are not significantly different at P=0.05. 

 

      The observation that wheat plants tolerated longer 

exposure to subzero conditions better than they 

tolerated shorter exposure under the same conditions 

is consistent with our previous results showing declining, 

then increasing survival with longer subzero exposure 

times (Skinner 2014). The results of the present study 

further demonstrated that this increase in freezing 

tolerance is accompanied by an increase in the 

physical stability of the cell membranes, as shown by a 

reduction in post-freezing electrolyte leakage. Because 

electrolyte leakage was measured after 12 hours of 

incubation in room temperature water after being 

frozen, any changes the plants had effected that 

impacted membrane stability must have occurred 

during the freeze itself, or during the 30 minutes the 

plants were held on ice after the freeze and the 

temperature returned to 0 °C, and/or after the plants 

were immersed in room temperature water. We 

previously demonstrated that wheat plants undergo 

extensive remodeling of the transcriptome at 

temperatures as low as -12 °C (Skinner 2009). It may 

be that the transcripts generated by this process are 

translated to protein products that become active when 

the temperature returns to a level that enables greater 

metabolic and physiological activity. Apparently, there 

is a threshold defined by length of time at subzero 

temperatures which must be reached to activate this 

response (Table 3 and Figure 1), similar to the 

threshold we observed in a larger study on survival 

(Skinner 2014). A similar threshold phenomenon, 

based on minimum temperature, was found in woody 

species and extensively investigated many years ago 

(Sakai 1956, 1958, 1960, 1962, 1965, 1966a,b, Sakai 

and Otsuka 1967, Sakai and Yoshida 1967). 

 

 
 

Figure 1. Mean proportions of surviving winter wheat plants that were frozen to -12, -14, -16, or -18 and held at that temperature 

for 1-5 hours. Means are based on four replications of 15 plants at each minimum temperature/time at minimum combination. 

ORFW indicates “Oregon Feed Wheat #5” and the other wheat lines are cultivars as described in Materials and Methods. One 

standard error unit is indicated at the top of each bar. 
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      Methods of identifying novel sources of freezing 

tolerance in wheat may lead to wheat lines, perhaps 

both winter wheat and spring wheat that have greater 

tolerance of temperature fluctuations and greater 

climate resilience. The present study showed that 

electrolyte leakage measurements after defined 

periods of time at a given minimum temperature, easily 

carried out in the laboratory, can be used to identify 

lines with greater ability to tolerate subfreezing 

temperatures for extended periods of time. Further 

elucidation of the genetic and physiological 

mechanisms involved in this phenomenon may lead to 

new approaches to improving climate resilience of crop 

plants. 

 

CONCLUSION 

 

This study revealed that winter wheat plants develop 

greater freezing survival ability during prolonged 

exposure to potentially damaging, subfreezing 

temperatures. Electrolyte leakage measurements 

showed that the plants physically strengthen the cell 

membranes while they are developing the greater 

freezing tolerance, and therefore the plants with 

greater survival ability showed significantly reduced 

electrolyte leakage after longer times of exposure to 

the subfreezing temperatures. This new information 

suggests that monitoring electrolyte leakage at time 

intervals during prolonged exposure to subfreezing 

temperature is an efficient means to identify wheat 

lines with greater freezing tolerance. 
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RESUMO 
 

Estabilidade de membranas de plantas de trigo de inverno 

expostas a temperaturas abaixo de zero por variáveis períodos 

de tempo. Para sobreviver à variação de temperatura que ocorre 

durante os meses de inverno, plantas de trigo de inverno (Triticum 

aestivum L.) devem tolerar períodos de congelamento em diferentes 

intensidades e duração. Neste estudo, plantas completamente 

aclimatadas ao frio de seis linhagens de trigo de inverno foram 

expostas a -12, -14, -16, ou -18 °C, por 1-5 horas. O 

extravasamento de eletrólitos e a sobrevivência de plantas foram 

usados para avaliar o dano às plantas. As plantas expostas a 

temperaturas abaixo de zero por 4 horas apresentaram menor 

extravasamento de eletrólitos e maior sobrevivência que plantas 

expostas por 1-3 ou 5 horas. Este aumento da tolerância ao 

estresse de congelamento depois da longa exposição sugere um 

limiar de efeito que, uma vez atingido, resulta na ativação de 

mecanismos que permitem maior estabilidade das membranas
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celulares e maior sobrevivência de plantas. Maior elucidação deste 

mecanismo e dos genes envolvidos podem prover novos 

conhecimentos para melhorar a tolerância de culturas ao 

congelamento. 
 

Palavras-chave: Triticum aestivum, Rusticidade invernal, 

Congelamento, Frio, Tolerância. 
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