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A b s t r a c t  Low temperature is one of the primary stresses 
limiting the growth and productivity of wheat (Triticum 
aestivum L.) and rye (Secale cereale L.). Winter cereals 
low-temperature-acclimate when exposed to temperatures 
colder than 10~ However, they gradually lose their abil- 
ity to tolerate below-freezing temperatures when they are 
maintained for long periods of time in the optimum range 
for low-temperature acclimation. The overwinter decline 
in low-temperature response has been attributed to an in- 
ability of cereals to maintain low-temperature-tolerance 
genes in an up-regulated state once vernalization satura- 
tion has been achieved. In the present study, the low-tem- 
perature-induced Wcs120 gene family was used to inves- 
tigate the relationship between low-temperature gene ex- 
pression and vernalization response at the molecular level 
in wheat and rye. The level and duration of gene expres- 
sion determined the degree of low-temperature tolerance, 
and the vernalization genes were identified as the key fac- 
tor responsible for the duration of expression of low-tem- 
perature-induced genes. Spring-habit cultivars that did not 
have a vernalization response were unable to maintain low- 
temperature-induced genes in an up-regulated condition 
when exposed to 4~ Consequently, they were unable to 
achieve the same levels of low-temperature tolerance as 
winter-habit cultivars. A close association between the 
point of vernalization saturation and the start of a decline 
in the Wcsl20 gene-family mRNA level and protein accu- 
mulation in plants maintained at 4~ indicated that vernal- 
ization genes have a regulatory influence over low-tem- 
perature gene expression in winter cereals. 
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Introduction 

Vernalization response and low-temperature acclimation 
are two important mechanisms that cereals have evolved 
to cope with low-temperature stress. Vernalization re- 
sponse reduces the risk of winter cereals entering the ex- 
tremely cold-sensitive reproductive growth stage until the 
danger of low-temperature damage has passed. Low-tem- 
perature acclimation allows winter cereals to protect crit- 
ical cell structures and physiological processes during pe- 
riods of freezing temperatures. Vernalization and low-tem- 
perature responses are regulated through complex geno- 
typic and environmental interactions that induce a large 
number of physical and biochemical changes in the plant. 
Both responses have similar optimum temperature ranges 
for induction (Olein 1967; Ritchie 1991) and they are reg- 
ulated by genetic systems that are interrelated (Brule-Ba- 
bel and Fowler 1988; Sutka and Snape 1989; Roberts 
1990). In fact the vernalization gene vrnl, which is reces- 
sive to spring growth-habit, may be pleiotropic, affecting 
both growth-habit and low-temperature tolerance in wheat 
(Brule-Babel and Fowler 1988). 

Winter cereals gradually lose their ability to tolerate be- 
low-freezing temperatures when they are maintained for 
long periods of time in the optimum range for low-temper- 
ature acclimation (Andrews 1960a; Olein 1967; Roberts 
and Grant 1968; Tsenov 1973; Tumanov et al. 1976; Rob- 
erts 1979). Satisfaction of vernalization requirements has 
often been suggested as the primary reason for the decline 
in low-temperature tolerance of overwintering cereals (An- 
drews 1960b; Marshall 1969; Koch 1973; Vincent 1973; 
George 1982; Roberts 1990). Recent studies have shown 
that there is a close relationship between the time to ver- 
nalization saturation and the start of a decline in the low- 
temperature tolerance of wheat and rye cultivars grown in 
the optimum range for low-temperature acclimation 



(Fowler  et at. 1996). These  studies indicate  that cereals  
have evo lved  at least  two mechanisms  to regulate  re- 
sponses to low- tempera tu re  stress: (1) one to deal  with 
shor t - term exposure  to be low-f reez ing  tempera tures  dur-  
ing the growing  season,  and (2) one to cope with the long-  
term be low-f reez ing  stresses of  winter.  Accord ing  to this 
hypothes is ,  low- tempera tu re  to lerance  is a function of  the 
degree  and durat ion of  low- tempera tu re  gene express ion 
and the vernal iza t ion genes are p r imar i ly  respons ib le  for 
the durat ion of low- tempera tu re  gene express ion  (Fowler  
et al. 1996). 

Recent  deve lopment s  in molecu la r  b io logy  have pro-  
v ided an oppor tuni ty  for the inves t igat ion of  low- temper -  
ature gene express ion  at the R N A  and protein  levels.  Ex- 
press ion of  the low- tempera tu re - induced  W c s 1 2 0  gene 
fami ly  of  wheat  has been shown to be corre la ted  with freez-  
ing to lerance  in Gramineae  species  (Houde et al. 1992a; 
1992b; 1995). The W C S 1 2 0  fami ly  consists  of  f ive pro-  
teins with molecu la r  masses  o f  200, 180, 66, 50, and 
40 kDa. Sequence  analysis  and molecu la r  character iza t ion 
of  four  members  of  this family  has revea led  repeated  gly-  
cine- and lys ine- r ich  domains  (Houde et al. 1992a;  Ouel-  
let et al. 1993; Chauvin  et al. 1994) that may  expla in  their  
common  ant igenici ty.  These  prote ins  are up-regula ted  spe- 
c i f ica l ly  by Iow tempera ture  and are expressed  at high lev-  
els in f reez ing- to lerant  Gramineae  species  (Houde et al. 
1992b). In the present  study, W c s 1 2 0  c D N A  and an anti- 
W C S I 2 0  ant ibody were  used to invest igate  the re la t ion-  
ship be tween low- tempera tu re  gene express ion and vernal -  
izat ion response  in wheat  and rye. 

Materials and methods 

Plant material and experimental design 

Two wheat ('Glenlea' spring wheat and 'Norstar' winter wheat) and 
two rye ('Gazelle' spring rye and 'Puma' winter rye) cultivars and 
eight vernalization/low-temperature periods (0, 24 7, 21, 49, 63, 84, 
and 98 days) were evaluated. The wheat and rye species were Triti- 
cure aestivum L. and Secale cereale L., respectively. The experimen- 
tal design was a two-level three-replicate factorial. Analyses of var- 
iance were conducted to determine the significance of treatment dif- 
ferences. 

LTs0 and vernalization determination 

Imbibed seeds were held for 2 days at 5~ and then transferred to an 
incubator and held for 3 days at 22~ The seedlings were then grown 
at 17~ with a 16-h day for 12.5 days before being exposed to con- 
ditions for low-temperature acclimation and vernalization. Plants 
were transferred to a 4~ chamber with a 16-h photoperiod and a 
light intensity of 325 pmol m s s-1 for vernalization/low-tempera- 
ture acclimation. The plants were grown hydroponically in half- 
strength Hoagland's solution, which was changed weekly. 

The procedure outlined by Limin and Fowler (1988) was used to 
determine the LTso (the temperature at which 50% of the plants are 
killed by low-temperature stress) of each cultivar at the end of each 
vernalization/low-temperature accIimation period. Plants were also 
transferred to a 20~ chamber with a 16-h photoperiod and a light 
intensity of 350 ,umol m -2 s -~ at the end of each vernalization/low- 
temperature acclimation period. These plants were grown until the 
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flag leaf had emerged and the final number of leaves on the main 
shoot could be determined for each cultivar (Wang et ah 1995). Ver- 
nalization saturation was considered complete for each cultivar once 
the cold treatment no longer reduced its final leaf number. 

Protein extraction, separation and immunoblot analysis 

Soluble proteins were extracted from leaf tissues by grinding in a 
pre-cooled mortar with Tris buffer [0.1 M Tris, pH 9.5 containing 
1 mM phenylmethylsulphonyl (PMSF)]. The extract was immediate- 
ly centrifuged for 5 rain at 12 000 g and the supernatant was adjust- 
ed to the final buffer concentration with 2 • SDS electrophoresis sam- 
ple buffer (Laemmli 1970). Equal amounts (5 rag) of proteins were 
separated on 10% SDS-PAGE and transferred electrophoretically to 
nitrocellulose (Hybond C-extra, Amersham). After blocking with 
powdered milk (2%) in PBS (phosphate-buffered saline) containing 
0.2% Tween-20 (Blotto), the membrane was incubated with a 
1:10 000 dilution of the purified WCS 120 antibody (Houde et al. 
1992b). After washing with PBS-Tween, the proteins recognized by 
the primary antibody were revealed with peroxidase coupled to anti- 
rabbit tgG (Jackson, Immunoresearch Inc.) as a secondary antibody 
(1:25 000 dilution). The complex was revealed using the ECL chem- 
iluminescence detection kit (Amersham). 

Quantitation of WCS120 proteins was performed using densi- 
tometry scanning as previously described (Houde et al. 1995). Den- 
sitometry readings were normalized by setting the maximum protein 
accumulation of the winter cultivars in each species to 100%. 

Northern-blot analysis 

Total RNA (10 pg) samples (Danyluk and Sarhan 1990) were mixed 
with ethidium bromide before electrophoresis on formaldehyde-ag- 
arose gels as suggested by Rosen and Vilta-Komaroff (1990). After 
electrophoresis, RNA was transferred to nitrocellulose membranes 
(Hybond C-extra, Amersham) in 20 • (saline sodium citrate). 
The filters were air-dried and then baked for 1 h at 80~ prior to hy- 
bridization with the 32p-labelled pWcs l20  insert (Houde et al. 
I992a). Filters were washed at 55~ with several buffer changes of 
decreasing SSC concentration (5-0.1 • and then autoradiographed 
on Kodak XRP films with intensifying screens (DuPont, Cronex 
Lightning plus) at -80~ A control clone, p 2.1, and a wheat tubu- 
fin gene that did not display differential hybridization during cold 
acclimation were used in addition to ethidium bromide staining to 
verify the equal loading and the quality of mRNA. 

Relative levels of Wcsl20 mRNA transcripts were determined by 
densitometry scanning of the Northern blots. Densitometry readings 
were normalized by setting the maximum mRNA accumulation of 
the winter cultivars in each species to 100%. 

Results and discussion 

The final leaf  numbers  of  the rye and wheat  cul t ivars  con- 
s idered in this s tudy (Fig. 1) fo l lowed the typical  vernal-  
izat ion response  patterns repor ted  for spring-  and winter-  
habi t  cul t ivars  (Fowler  et al. 1996). The final leaf  numbers  
of  Glen lea  and Gaze l le  were not inf luenced by exposure  
to a verna l iza t ion  tempera ture  of  4~ Therefore,  any ver-  
nal izat ion requi rement  that these spring habi t  cul t ivars  may  
have had was met during the 17.5-day es tab l i shment  pe-  
r iod pr ior  to the start of  the verna l iza t ion  t rea tment  (Jedal  
et al. 1986). Seven days  at 4~ did not  reduce the final leaf  
number  of  ei ther  Nors tar  winter  wheat  or Puma winter  rye. 
However ,  there was a rapid  dec l ine  in the final leaf  num- 
ber of  the winter  cul t ivars  be tween verna l iza t ion-days  7 
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and 49 and both reached their final leaf number (indicat- 
ing that vernalization saturation had been achieved) by day 
49 at 4~ 

The rye and wheat cultivars considered in this study fol- 
lowed typical patterns of low-temperature acclimation 
(Fig. 2) reported for spring- and winter-habit cultivars 
(Fowler et al. 1996). All cultivars began low-temperature 
acclimation at a rapid rate following exposure to a constant 
temperature of 4~ The rate of low-temperature acclima- 
tion then gradually slowed and eventually started to de- 
cline producing a curvilinear relationship between the LTs0 
and the stage of acclimation. Glenlea spring wheat and Ga- 
zelle spring rye achieved maximum low-temperature tol- 
erance by 21 days at 4~ In contrast, Norstar winter wheat 
and Puma winter rye required approximately 49 days of 
acclimation to reach their coldest LTso. A longer low-tem- 
perature acclimation response allowed the winter wheat 
and rye cultivars to achieve minimum LTsos which were 
14.6 and 17.5~ respectively, colder than the minimum 
survival temperatures of their spring counterparts. Conse- 
quently, maintenance of the low-temperature-acclimation 
response over a longer period of time was the primary fac- 
tor responsible for the superior low-temperature tolerance 
of the winter-compared to the spring-habit cultivars. 

A gradual loss of low-temperature tolerance (Fig. 2) 
started at approximately the same time as vernalization sat- 
uration was complete (Fig. l) for the winter cereals con- 
sidered in this study. This inability of winter cereals to 
maintain low-temperature tolerance when stored for long 
periods of time at temperatures in the vernalization/accli- 
mation range has been attributed to a down-regulation of 
the low-temperature-tolerance genetic system once vernal- 
ization saturation has been achieved (Fowler et al. 1996). 
Northern- and Western-blot analyses performed with 
Wcsl20 cDNA clones and antibodies directed against the 
WCS 120 protein family provided the opportunity to inves- 
tigate the relationship between the stage of vernalization 
and low-temperature-induced gene expression at the mo- 
lecular level. 

Low-temperature-induced gene expression, as mea- 
sured by the accumulation of WCS 120 proteins, closely 
followed the changes in LTso observed for both spring and 
winter wheat cultivars (Figs. 2 and 3). This confirms ear- 
lier observations that the antibodies raised against 
WCS 120 proteins can be used as molecular markers to as- 
sess the development of low-temperature tolerance in ce- 
reals (Houde et al. 1992b). 

The level of Wcs120 mRNA transcripts (Fig. 4) peaked 
before the WCS120 proteins (Fig. 3) reached their maxi- 
mum level of expression in the winter- and spring-habit 
cultivars of both wheat and rye. Compared to the spring 
wheat and rye cultivars, the winter habit cultivars had a 
higher Wcs]20 mRNA level that was maintained for a 
longer period of low-temperature exposure (Fig. 4). Both 
the spring- and winter-habit cultivars produced very low 
levels of Wcs]20 mRNA at 17~ Exposure to 4~ resulted 
in a very rapid accumulation of Wcsl20 mRNA transcripts 
in all four cultivars. However, this initial burst was fol- 
lowed by a rapid decline in Wcs120 mRNA level in both 
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Fig. 1 Final leaf number (SE=0.52) of Glenlea spring wheat, Ga- 
zelle spring rye, Norstar winter wheat, and Puma winter rye grown 
at 4~ for 0 to 98 days 
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Fig. 2 Low-temperature tolerance (LTso, SE=0.53) of Glenlea 
spring wheat, Gazelle spring rye, Norstar winter wheat, and Puma 
winter rye grown at 4~ for 0 to 98 days 

Glenlea spring wheat and Gazelle spring rye. In contrast, 
high levels of Wcsl20 mRNA transcripts were maintained 
for approximately 49 days when Norstar winter wheat and 
Puma winter rye were held at a constant 4~ Wcs120 
mRNA levels of the winter cultivars decreased rapidly af- 
ter 49 days of acclimation, but their levels at 84 and 98 
days remained in the same range as the maximum expres- 
sion observed for the spring-habit cultivars after 2 days at 
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Fig. 3 Relative levels of WCS 120 protein accumulation (SE= 1.82) 
for Glenlea spring wheat, Gazelle spring rye, Norstar winter wheat, 
and Puma winter rye grown at 4~ for 0 to 98 days. Signal strengths 
were normalized by setting maximum densitometer scans of West- 
ern blots of the winter cultivars in each species at 100% 
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Fig. 4 Relative levels of Wcsl20 mRNA transcripts (SE=0.32) for 
Glenlea spring wheat, Gazelle spring rye, Norstar winter wheat, and 
Puma winter rye grown at 4~ for 0 to 98 days. Signal strengths were 
normalized by setting maximum densitometer scans of Northern 
blots of the winter cultivars in each species at t00% 

4~ These observations suggest that the poor low-temper-  
ature tolerance of  spring compared to winter-habit culti- 
vars is the result of  an inability of  spring types to maintain 
low-temperature-tolerance genes in an up-regulated state. 
They also indicate that the maintenance of  a high level of  

Fig. 5 Kinetic analyses of proteins identified by the anti-WCS 120 
antibody in Glenlea spring wheat, Gazelle spring rye, Norstar win- 
ter wheat, and Puma winter rye after 0, 2, 7, 21, 49, 84, and 98 days 
of acclimation at 4~ 

the low-temperature-tolerance-gene m R N A  signal through 
long periods of  low-temperature exposure is the primary 
factor that differentiates hardy from non-hardy genotypes 
(Limin et al. 1995). 

Molecular  analyses showed that similar WCS120  pro- 
teins were expressed by spring- and winter-habit cultivars 
of  the same species (Fig. 5). Protein levels were very low 
in non-accl imated plants and then increased rapidly in all 
four cultivars fol lowing exposure to 4~ (Fig. 3). The pat, 
tern of  protein accumulat ion reflected the changes in plant 
LTs0, which produced peaks at 21 and 49 days of  acclima- 
tion for spring- and winter-habit cultivars, respectively. 
The fact that the WCS 120 proteins increased and decreased 
in unison throughout  the entire 98 day period at 4~ sug- 
gests that low-temperature response is a function o f  the de- 
gree and duration of  gene expression and is not due to the 
activation of  different sets of  low-temperature genes. This 
is in agreement  with earlier observations that hardy and 
non-hardy genotypes possess similar WCS120  protein 
products that are coordinately regulated by low tempera- 
ture (Houde et al. 1992b). 

The Wcs120 gene family m R N A  level (Fig. 4) and the 
protein accumulat ion patterns (Fig. 3) observed in this 
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study provided molecular  evidence consistent with the hy- 
pothesis that low-temperature-induced genes are down- 
regulated once vernalization saturation (Fig. 1) is achieved 
in winter wheat and rye. The continued presence of  high 
levels of  protein (Fig. 3) after the m R N A  level (Fig. 4) had 
diminished demonstrates that the products of  low-temper-  
ature gene induction can be maintained for some time af- 
ter the m R N A  signal has dropped off  provided tempera- 
tures remain cool (Limin et al. 1995). The slow decay of  
the WCS 120 protein curve (Fig. 3) mirrored the decline in 
LTso for the cultivars evaluated (Fig. 2) and provides an 
explanation for the gradual reduction in low-temperature 
tolerance after vernalization saturation (Fig. 1) was 
achieved in the winter cereals. 

The kinetic analyses of  WCS 120 protein accumulation 
(Fig. 3) and the close inverse relationship between 
WCS 120 protein levels and LTs0 (Fig. 2) indicate that the 
low-temperature tolerance of  cereals is determined by the 
degree and duration of  low-temperature gene expression. 
The low-temperature response pattern of  the Wcsl20 gene 
family further indicates that an inability to maintain low- 
temperature-induced genes in an up-regulated condition is 
the main reason why spring-habit cultivars do not achieve 
levels of  low-temperature-tolerance similar to those of  
winter-habit cultivars. These observations support the hy- 
pothesis that the vernalization genes play a key role in de- 
termining the duration of  expression of  the low-tempera-  
ture-tolerance genes and provide an explanation for the ap- 
parent pleiotropic effect that the Vrnl gene has on low- 
temperature tolerance and vernalization response in wheat 
(Brule-Babel and Fowler  1988; Sutka and Snape 1989; 
Roberts 1990). They also suggest that any factor that de- 
lays the transition from vegetative to reproductive stages, 
such as a vernalization or photoperiod requirement, should 
be expected to increase the level of  expression of  low-tem- 
perature tolerance genes in cereals exposed to acclimating 
temperatures. 

There is genetic evidence suggesting that Vrnl is ho- 
moeologous  to other spring-habit genes in wheat and re- 
lated species. This group includes the vernalization genes 
Vrnl, Vrn4 and Vrn3, on chromosomes  5A, 5B and 5D of  
wheat, Sh2 on chromosome 7 of  barley, and Spl on chro- 
mosome 5 of  rye (Plaschke et al. 1993; Pan et al. 1994; Ga- 
liba et al. 1995; Laurie et al. 1995). A close linkage has 
been reported between several of  these vernalization loci 
and low-temperature-tolerance genes (Roberts 1990; 
Hayes et al. 1993; Pan et al. 1994) suggesting that at 
least some of  the genes conditioning low-temperature re- 
sponse in cereals exist in clusters (Fowler et al. 1993). 
While the results of  the present study provide strong sup- 
port for the hypothesis  that the vernalization genes are 
pleiotropic, affecting both growth habit and low -temper- 
ature tolerance in wheat and rye, the likelihood of  a close 
genetic linkage of  genes condit ioning plant low-tempera-  
ture response is not ruled out. In fact, the role that vernal- 
ization genes play in determining plant low-temperature 
tolerance may simply be restricted to a regulatory influ- 
ence on the duration of  expression of  low-temperature-in- 
duced genes. 
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