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Abstract 

Winterhardiness is a composite of tolerances to freezing, desic- 
cation, ice-encasement, flooding and diseases. From one point 
of view, winterhardiness may not be easily manipulated by ge- 
netic engineering technology because many different genes are 
involved in the tolerance of these diverse stresses. However, 
these various stresses have similarities. They promote forma- 
tion of activated forms of oxygen, promote membrane lipid and 
protein degradation, cause similar biophysical changes in 
membrane structure, and culminate with increased leakage of 
cytoplasmic solutes and loss of cellular membrane functions. 
These similarities led to the hypothesis that winter injury might 
be reduced in crop plants if their tolerance of oxidative stress 
was increased. 

Towards that objective we created transgenic alfalfa (Medi- 
cago sativa L.) plants that overexpress either Mn-SOD or Fe- 
SOD cDNA (provided by Dirk Inzt, Universiteit Gent). Petiole 
explants were transformed using Agrobacterium tumefaciens 
and plants were regenerated by somatic embryogenesis. The 
primary transgenic plants were screened using PCR (po- 
lymerase chain reaction), Southern hybridization and native 
PAGE for SOD activity. Greenhouse and laboratory studies 
showed a minimal difference in stress tolerance between the 

primary transgenic and non-transgenic plants. In the first field 
trial, four primary transgenic plants expressing two forms of 
the Mn-SOD cDNA had greater survival after two winters than 
the non-transgenic RA3. Similar results were obtained in a sec- 
ond field trial, comparing 18 independent transformants with 
Mn-SOD targeted to the mitochondria, 11 independent trans- 
formants with Mn-SOD targeted to the chloroplast and 39 inde- 
pendent transformants with Fe-SOD targeted to the chloro- 
plast, expressed in three different non-transgenic plants. The 
transgenic plants averaged over 25% higher survival than the 
non-transgenic controls after one winter. There was no effect 
of subcellular targeting or SOD type on field survival, but there 
was variation among independent transformants containing the 
same SOD construct. Activated oxygen therefore appears to be 
one of the possible causes of winter injury, and it should be pos- 
sible to reduce winter injury in transgenic plants by constitutive 
overexpression of SOD. 

Introduction 

W i n t e r h a r d i n e s s  is  a c o m p l e x  t rai t  i n v o l v i n g  to le r -  

ances  to f r eez ing ,  w a t e r  d e p r i v a t i o n ,  i c e - e n c a s e -  

mer i t  ( s eve re  anox ia ) ,  f l o o d i n g  ( m i l d e r  anox i a )  and  

d i sease .  T h e  c o m b i n a t i o n  and  seve r i t y  o f  these  

s t resses  tha t  c rops  m u s t  t o l e r a t e  var ies  f r o m  env i -  

r o n m e n t  to e n v i r o n m e n t  a n d  f r o m  y e a r  to year.  Dif- 
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ferent crops, even in the same environment, experi- 

ence different stresses because of their growth 

habit. For example, a winter annual crop like wheat 

(Triticum aestivum L.) grows close to the ground 

and is covered by snow, whereas a woody fruit crop 

grows above the snow and is not insulated against 

cold air temperatures. In northern climates, man- 

agement of our major crops is based on the avoid- 

ance of winter injury. For example, a summer an- 

nual is grown in these areas instead of a winter an- 

nual, i.e. spring wheat is grown instead of winter 

wheat. Also, production practices for perennial for- 

age crops, such as alfalfa (Medicago sativa L.), in- 

clude planting before critical seeding dates, har- 

vesting before critical fall harvest dates, leaving 

shoot growth to hold snow that will insulate the 

plants over-winter, and grading to improve surface 

drainage. 

Crop production practices have limits in their abil- 

ity to ensure winter survival and a genetic solution 

to this problem is desired. Although genetic vari- 

ability lbr winterhardiness exists within plant spe- 

cies and in species closely related to many of our 

crop plants, exploitation of the variability has been 

limited using conventional methods of hybridiza- 

tion and plant breeding to transfer winterhardiness 

from wild species into high yielding, economically 

desirable cultivars. Even application of techniques 

involving inter-species hydrizations by embryo res- 

cue or protoplast fusion have not led to great ad- 

vances in stress tolerance. One of the reasons for 

the limited progress in improving winterhardiness 

is the difficulty in combining the many genes asso- 

ciated with yield, quality, disease and stress toler- 

ances in one plant. Another reason is the difficulty 

in quantifying the degree of winterhardiness in in- 

dividual plants from segregating populations. 

These difficulties prompted us to explore the feasi- 

bility of using a genetic engineering approach to 

improve winterhardiness. Alfalfa was chosen as 

our model because it is a perennial crop whose pro- 

ductivity in our environment in Ontario is limited 

by its ability to survive winter, and because the tis- 

sue culture system for somatic embryogenesis has 

been well defined (McKersie and Bowley 1993) al- 

lowing it to be easily transformed by Agrobacte- 

rium tumefaciens (D' Halluin et al. 1990). The ma- 

jor difficulty was the choice of the genes to be intro- 

duced or modified by genetic engineering. As other 

chapters in this book and elsewhere illustrate, there 

is no shortage of candidates. Freezing tolerance, 

which is just one aspect of  winterhardiness, is a 

quantitative genetic trait encoded by genes at multi- 

ple loci (Fowler et al. 1983, Grant 1983). 

We  decided to focus our efforts not on individual 

aspects of freezing, anoxia or desiccation tolerance 

but on the collective stresses that cause winter in- 

jury. In other words, even though freezing, anoxia 

and desiccation are recognized as being distinctly 

different types of environmental stresses, they have 

common physiological elements. One of those 

common elements is that each of these stresses pro- 

motes oxidative stress. There is also evidence to 

suggest that many symptoms of disease reactions in 

plants occur because of oxidative stress. Our hy- 

pothesis was that if we could enhance the plant's 

tolerance of oxidative stress, then we would im- 

prove its ability to survive the combination of the 

multiple stresses associated with winter. 

Physiological evidence 

The physiological and biochemical evidence that 

links oxidative stress with freezing, anoxia and des- 

iccation stress is only correlative, but corresponds 

with three major types of experimental observa- 

tions. The injury symptoms that are observed in 

cellular membranes isolated from plants exposed to 

freezing temperatures, ice-encasement, desicca- 

tion, or the free radical generating herbicide paraq- 

uat are essentially indistinguishable. Secondly, the 

membranes from acclimated plants are more toler- 

ant of in vitro free radical treatment than those from 
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non-acclimated plants. Thirdly, as plants acclimate 

at low temperatures, they acquire coincidentally in- 

creased tolerance to freezing stress, ice-eneasement 

stress and free-radical generating herbicides. Fi- 

nally, when plants are subjected to a freezing stress, 

their antioxidant levels are depleted coincident with 

the loss of viability. Each of these points will be dis- 

cussed in more detail. 

e t  al. 1987, Kendall et  al. 1985, Kendall and 

McKersie 1989, Pukacki et al. 1991), and resulted 

in the accumulation of degradation products, par- 

ticularly free fatty acids, in the membrane bilayers. 

This accumulation of free fatty acids likely caused 

the physical changes in phase properties and fluid- 

ity of the microsomal membranes ( S e n a r a t n a e t a l .  

1987). 

Table 1. Degradation of microsomal membranes following freezing injury to winter wheat crowns. Microsomal membranes were 
isolated from the crowns of 7-day-old (non-acclimated) winter wheat (Triticum aestivum L. cv. Fredriek) seedlings after a lethal 
freezing treatment 

Protein (pg/g) Phospholipid (nmol/g) Microviscosity (poise) Protein thiols (DA fluo- 
rescence) 

Control 1031 527 2.1 59 

Frozen 445 132 3.8 33 

Data from (Borochov et al. 1987) 

The first evidence from our laboratory linking 

these stresses was the observation that microsomal 

membranes isolated from winter wheat crowns af- 

ter a lethal freezing (Borochov e t a l .  1987, Kendall 

and McKersie, 1989, Kendall et  al. 1985, Pukacki 

e ta l .  1991) or ice-encasement stress (Hetherington 

et  aL 1987, 1988), membranes isolated from soy- 

bean seeds after lethal desiccation (Senaratna et al. 

1984), and membranes isolated from bean leaves 

after treatment with paraquat (Chia et  al. 1982) or 

after natural senescence (McKersie and Thompson 

1978), exhibited very unique physical properties. 

All of these different stresses result in a characteris- 

tic degradation of cellular membranes with symp- 

toms that included degradation of membrane pro- 

teins, reduction in protein thiols, degradation of 

membrane phospholipid and increased membrane 

lipid microviscosity (decreased fluidity) (Table 1). 

Wide-angle x-ray diffraction of these membranes 

contained gel phase domains at physiological tem- 

peratures, and had dramatically elevated gel to 

liquid-crystalline phase transition temperatures. 

The degradation of  membrane phospholipids oc- 

curred in an apparently random manner (Borochov 

Exactly the same physical and chemical changes as 

caused by freezing in p lan ta  were found in isolated 

wheat microsomal membranes treated with an 

aqueous source of  superoxide radicals in vitro (Ta- 

ble 2). Furthermore, membranes from plants accli- 

mated to tolerate lower freezing temperatures with- 

stood a longer duration of  treatment with superox- 

ide before being degraded (Figure 1). Perhaps the 

microsomal membranes from acclimated plants 

contained different levels of antioxidants, or per- 

haps the membranes acquired tolerance of free radi- 

cal treatment by changes in their lipid composition. 

The changes in lipid composition that occur during 

acclimation have been well documented in numer- 

ous studies (e.g.  Lynch and Steponkus 1987, Ue- 

mura and Steponkus 1994). 

These in  vitro experiments prompted us to examine 

the relationship between antioxidant levels and 

freezing tolerance at the whole plant level (Figure 

2). Three wheat cultivars that differed in their po- 

tential to acclimate to freezing stress were grown in 

acclimating conditions for varying periods of time 

up to 5 weeks. Plants were then either frozen to de- 
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t e rmine  LT50 or the leaves  were t reated with a 5 pl 

drop o f  a 0.1 m M  paraqua t  so lu t ion  to de f ine  toler- 

ance  of  ox ida t ive  stress. LT50 was  measu red  as sur- 

v iva l  and  paraqua t  i n ju ry  was  m e a s u r e d  as the 

length  of  b u r n  on  the leaf. Across  stages of  acc l ima-  

l ion,  the LT50 for each cul t ivar  was  correlated with 

paraquat  tolerance.  In  other  words ,  as the wheat  

seed l ings  acc l imated ,  they co inc iden ta l ly  devel-  

oped greater  t o l e rance  to both f reez ing  and  paraq- 

ua t  (Br idger  e t  al .  1995). Others  have  shown  that 

Table 2. Degradation of microsomal membranes following freezing injury in planta is similar to degradation induced by superox- 
ide in vitro. 

Microsomal membranes were isolated from the crowns ofT-day-old (non-acclimated) winter wheat (Triticum aestivum L. cv. Fre- 
drick) seedlings before (control) or after a lethal freezing treatment (frozen). Control membranes were treated in vitro with super- 
oxide generated by xanthine oxidase for 30 rain and re-isolated (superoxide). The lipid phase transition temperature (Phase Tt) was 
measured by wide angle x-ray diffraction as the highest temperature at which gel phase was detected. Phospholipid and free fatty 
acid content are given relative to the control amounts as a percentage. 

Phase Tt ('C) Phospholipid (%) Free Fatty Acid (%) 

Control 0 100 100 

Frozen 40 46 315 

Superoxide 40 21 405 

Data from (Kendall and McKersie 1989) 
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Fig. 1. Changes in free radical tolerance of wheat microsomal 
membranes during acclimation. Microsomal membranes were 
isolated from the crowns of winter wheat (Triticum aestivum 
L. cv. Fredrick) that were 7-days-old (non-acclimated) or were 
7-days-old and then acclimated for 28 days at 2 *C (accli- 
mated). The membranes were exposed in vitro to superoxide 
generated from the enzymatic reaction of xanthine oxidase for 
varying periods of time, were re-isolated and analyzed for the 
presence of free fatty acids. Values indicate the relative 
amount of phospholipid degradation detected after exposure to 
varying doses of superoxide. Data from (Kendall McKersie 
1989). 

Fig. 2. Correlation between the development of freezing and 
oxidative stress tolerances in three cultivars of winter wheat. 
Winter wheat (Triticum aestivum L) seedlings of cv. Katepwa, 
Fredrick and Norstar were acclimated for 0, 1, 3 or 5 weeks at 
2°C. Some seedlings were frozen to determine LTs0 (°C) as sttr- 
viral based on regrowth. Others were treated with a 5 pl drop of 
0.1 mM paraquat on the leaf and the length of burning (mm) de- 
termined after 31 h. LSD at the 5 % level of probability (n=3) 
for comparison between means is 2_ 1 *C for LTs0 and 3.6 mm 
for paraquat injtu-y. Data from Bridger et al. (1995). 
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wheat seedlings also acquire tolerance of  ice- 

encasement as they acclimate in these growth con- 

ditions (e.g. Andrews and Pomeroy 1989). 

The final line of evidence linking oxidative and 

freezing stresses is that freezing injury depletes an- 

tioxidant levels (Figure 3). In this experiment, al- 

falfa plants were either acclimated at 2 °C for 4 

weeks or not acclimated, and then frozen at a range 

of temperatures as low as -14 °. Alfalfa leaves do 

not cold acclimate to the same degree as roots and 

crowns (McKenzie et al. 1988). The reduced glu- 

tase (SOD) catalyzes the dismutation of two super- 

oxide molecules to hydrogen peroxide and oxygen 

(Bannister et al. 1987, Bowler et al. 1992, 1994, 

Foyer et al. 1994, Scandalios 1990, 1993). A Mn- 

SOD eDNA was isolated from Nicotiana plum- 

biginofolia (Bowler et al. 1989). Binary vectors 

were constructed controlling the expression of the 

MnSOD eDNA with the CaMV35S promoter and 

targeting the Mn-SOD protein to either the mito- 

chondria or chloroplasts (Bowler et al. 1991). 

When the MnSOD was expressed in N. tabacum af- 

ter transformation using Agrobacterium tumefaci- 

Ratio of reduced to oxidized glutathione (GSH:GSSG) 

2s Leaf 2.s Crown a.s Root 

0 -2 -6 -14 0 -2 -8 -14 0 -2 -6 -14 

Freezing Temperature (*C) 

Fig. 3. The reduced:oxidized gluta- 
thione (GSH:GSSG) ratio after freez- 
ing. 
Alfalfa (Medicago sativa L. cv. Ex- 
calibur) plants were acclimated at 2 
°C for 4 weeks (closed bars) or not- 
acclimated (open bars). Plants were 
then frozen to varying temperatures at 
2 °C h -1 and leaf, crown and root sam- 
ples were analyzed. LSD at the 5% 
level of probability (n=3) for com- 
parison between means are 3.4 for 
leaf, 1.0 for crown and 1.3 Ibr root 
samples. Data from Schubert (1994). 

tathione (GSH) levels of leaves were depleted at the 

highest temperature, -2 °C. GSH levels of roots and 

crowns were depleted at a lower freezing tempera- 

tures than the leaves and at lower temperatures in 

the acclimated plants than in the non-acclimated 

ones (Schubert 1994). In leaves, crowns and roots, 

the glutathione pool became increasingly reduced 

as the plants were injured by freezing and this cor- 

related with freezing injury in these different tis- 

sues. 

Superoxide dismutase 

These observations prompted us to propose our hy- 

pothesis as stated earlier. To test it, we have col- 

laborated with Chris Bowler and Dirk Inz6 at the 

Laboratorium voor Genetica, Rijksuniversiteit, 

Gent and Kathleen D'Halluin and Johan Botterman 

at Plant Genetic Systems, Gent. Superoxide dismu- 

ens, its expression increased the plant's tolerance 

to paraquat (Bowler et al. 1991). 

These vectors were used to transtbrm an alfalfa 

plant called RA3 using Agrobacterium tumefaciens 

(McKersie et al. 1993). This RA3 plant was used 

because when we did these transformations in 

1988, this was one of the few alfalfa genotypes that 

would regenerate by somatic embryogenesis and 

which therefore could be transformed. Other re- 

generating lines have subsequently been developed 

(Bowley et al. 1993) because RA3 is not a good ag- 

ronomic type of alfalfa and is not adapted to the 

field environment in Ontario. 

The plants regenerated from these experiments 

were screened for the presence tffthe transgene us- 

ing PCR, the presence of a new SOD isozyme on 
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native PAGE gels, the presence of unique T-DNA 

insertion using Southern hybridization and inheri- 

tance of the transgenes to FI and F2 progeny (De 

Beus 1991, Chen 1993, M c K e r s i e e t a l .  1993). To- 

tal SOD activity in these plants was only modestly 

increased (Table 3), in part because increased Mn- 
SOD activity seems to be accompanied by lower 

CtYZn-SOD activity in most transgenic plants (un- 

published observation). The transgenic plants did 

not have increased tolerance of the herbicide paraq- 

uat in an excised leaf assay, but they were slightly 

more tolerant of the diphenyl ether herbicide, 

acifluorfen, in a similar assay (McKersie et al. 

1993). They also tended to have higher shoot re- 

growth from crown and root tissues after freezing 

stress (Figure 4). In this experiment, the primary 

Table 3. Total superoxide dismutase activities in leaves, crowns and roots of RA3 and two transgenic alfalfa (Medicago sativa L.) 
plants expressing a Mn-superoxide dismutase eDNA with chloroplast (ChlSOD) or mitochondrial (MitSOD) transit peptides. 
Plants were replicated by cuttings and sampled under normal growing conditions. Values are the mean of 10-16 replicates :1 std er- 
ror. 

Sample RA3 RA3-ChlSOD-30 RA3-MitSOD -5 

(units mg "t protein) 

Leaves 6.9+1.1 10.5 ±0.4 17.3 +3.0 

Crowns 46.1+3.3 41.3+3.6 41.7:t3.9 

Roots 19+ 1.0 21.8:12.3 30.2±5.9 

Data from McKersie et al. (1996). 
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Fig. 4. Regrowth following freezing from crowns of of trans- 
genic alfalfa (Medicago sativa L.) expressing a Mn-superoxide 
dismutase eDNA. 
The non-transgenic control (RA3) and the primary transgenic 
plants of alfalfa (Medicago sativa L.) containing either the 
pChlSOD or pMnSOD T-DNA were propagated by cuttings to 
establish replicate plants. Plants were cold acclimated at 2 "C 
for 4 weeks, defoliated and frozen to temperatures between -8 
and -16 "C at 2 °C h -I and sampled at 2 °C intervals. The no- 
stress treatment was not frozen after acclimation, but defoliated 
and immediately transferred to the growth cabinet. The frozen 
plants were thawed at 2 °C, then regrown in the same growth 
cabinet and shoot dry matter was removed in two successive 
harvests at 28 and 56 days. Values for freezing are the mean of 
all freezing temperatures. Data from McKersie et al. (1993). 
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Fig. 5. Freezing tolerance of F1 progeny segregating for the 
MnSOD transgene. 
The F1 progeny of one transgenic plant (designated as RA3- 
ChlSOD-30) were produced by cross pollination with another 
plant designated as C2-3. Seeds were germinated and the plants 
separated into two populations based on the presence or ab- 
sence of the transgenic MnSOD isozyme in native PAGE 
analysis. The plants were acclimated at 2 *C for 4 weeks and 

- 1  frozen at 2°C h to the designated temperatures. Regrowth of 
herbage was determined after 28 and 56 days as a measure of 
plant vigor and freezing tolerance. LSD at the 5% level of 
probability (n=3) for comparison between means is 0.56. Data 
from McKersie et al. (1993). 
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transgenic alfalfa plants were propagated by cut- 

tings to produce sufficient replicates, acclimated at 

2 °C and then frozen to temperatures ranging from - 

8 to -16 °C. As the temperature dropped, alfalfa 

gradually lost vigor but it was not killed until the 

temperatures fell below - 14 °C. This gradual loss of  

vigor resulted from less shoot  regrowth because ei- 

ther an increasing number  o f  crown buds were 

killed or an increasing proport ion o f  the root was 

damaged preventing translocation o f  nutrients to 

the buds. However ,  fol lowing freezing to tempera- 

tures between -8 and -16 °C,  the transgenic plants 

expressing the M n S O D  had higher shoot dry matter 

over  two successive harvests compared to the non- 

transgenic control (Figure 4). The tolerance of  

freezing was heritable to the F1 progeny (Figure 5). 

Those plants that had inherited the MnSOD trans- 

gene also had less freezing injury compared to 

those progeny lacking the transgene over  the tem- 

perature range between -8 and -14°C. 

O u r  hypothesis that enhanced tolerance o f  oxida- 

tive stress provides increased tolerance to multiple 

environmental  stresses was supported further by 

observations that these same plants have increased 

tolerance o f  water deprivation (McKersie  et al., 

1996). When  deprived of  water  in growth cabinets 

for 5 days, plants expressing the MnSOD cDNA 

tended to have smaller changes in the chlorophyll  

f luorescence ratio, Fv /Fm (Figure 6), and less elec- 

trolyte leakage (Figure 7). 

Transgenic f i e ld  trials 

T h e  most  definitive test o f  our hypothesis has come 

from the evaluation o f  these plants in field trial of  

these plants (McKersie  et al., 1996). In 1992, a rep- 

licated test was established using transplanted cut- 

tings o f  four of  these primary transgenic plants, two 

with mitochondrial  targeting (pMitSOD) and two 

with chloroplast  targeting (pChlSOD), As stated 

earlier the RA3 plant that we had originally trans- 

formed was not adapted to our Ontario climate and 
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Fig. 6. Photosynthetic efficiency dttring water deficit stress of 
leaves of transgenic alfalfa (Medicago sativa L.) expressing a 
Mn-superoxide dismutase eDNA. 
The non-transgenic control (RA3) and the primary transgenic 
plants of alfalfa (Medicago sativa L.) containing either the 
pChlSOD or pMnSOD T-DNA were propagated by cuttings to 
establish replicate plants. The plants were deprived of water 
for varying periods of time. Young leaves were sampled mad 
measured by chlorophyll fluorescence to determine Fo and Fm 
values. LSD at the 5 % level of probability (n=3) for compari- 
son between means is 0_ 12. Data from McKersie et al. (I996). 
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Fig. 7. Electrolyte leakage during water deficit stress from 
leaves of transgenic alfalfa (Medicago sativa L.) expressing a 
Mn-superoxide dismutase cDNA. 
Transgenic and control alfalfa plants were propagated and 
treated as in figure 6. Leaves were excised and incubated in 10 
ml of water for 60 rain. Total electrolytes were determined by 
conductivity before and after boiling expressed as a percent- 
age. LSD at the 5 % level of probability (n=4-12) for comp~i- 
son between means is 11%. Data from McKersieetaL (1996). 
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its pers is tence in field plots was relat ively low com- 

pared  to commerc ia l  alfalfa varieties. Therefore,  af- 

ter two years,  only  17 % o f  the original plants sur- 

v ived  (Figure 8). Perhaps this was fortuitous be- 

cause it p rovided  an excellent  test case; all SOD 

transgenic plants had much  higher survival  than the 

non-transgenic  RA3.  This  increased survival  con- 

tributed to higher  forage yields after both one and 

two winters (Figure 9). The  forage yields in the 

year  o f  seeding (1992) are also interesting because 

those plants with the M n S O D  transgene had nu- 

merical ly  higher yields before  the plants had expe- 

rienced any winter  stress. The  reason for this appar- 

ent increased v igor  is unknown,  but since this effect 

was not  observed  in controlled envi ronment  experi-  

ments  (e .g.  Figure 4), it possibly reflects tolerance 

of  transplanting or water  deprivation. 

Mechanism of superoxide dismutase protec- 
tion 

O u r  current  hypothesis  is that the SOD does not 

prevent  p r imary  freezing injury in alfalfa, but in- 

stead prevents  or  reduces secondary injury that 

spreads f rom this p r imary  lesion via activated oxy-  

gen. In other words,  we propose  that a pr imary  

freezing lesion occurs  and that this causes the in- 

creased product ion of  activated forms of  oxygen;  

oxidat ive injury spreads to adjacent cells and tis- 

sues and the resulting damage  leads to the death of  

the plant. In alfalfa, the crowns,  crown buds, and 

roots are the critical tissues for plant survival;  

leaves can be lost with no adverse effect  on plant 

survival.  Local ized freezing injury probably  occurs 

at the same temperature  in transgenic and control 

plants. The  increased antioxidant potential  in the 

transgenic plants, however,  prevents  this injury 

f rom spreading to other buds or meris tems,  and the 

plant is able to recover,  admit tedly with lower vigor 

than i f  it had not exper ienced this freezing injury. 

The  effect  o f  the SOD transgene is therefore be- 

l ieved to be  in reducing the degree o f  freezing in- 
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Fig. 8. Survival of alfalfa (Medicago sativa L,) expressing a 
Mn-superoxide dismutase transgene in field trails over 3 years. 
The test was conducted at Elora, Ontario and established by 
transplanting rooted cuttings of each plant in 1 x 1.5 m plots. 
Plants were counted in the autumn of the year of seeding (1992) 
and in each subsequent year, and expressed as a percentage of 
the original number of plants. RA3 is the non-transgenic con- 
trol (open bars). The mean of two independent transgenic 
plants containing the pMitSOD are shown by hatched bars and 
two independent transgenic plants containing the pChlSOD are 
shown by solid bars. LSD values at the 5 % level of probability 
(n=4) are 19 for year 2 and 13 tor year 3. Data from McKersie 
et al. (1996). 
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Figure 9, Herbage yield of transgenic alfalfa (Medicago sativa 
L.) expressing a Mn-superoxide dismutase cDNA in field tri- 
als, 
Data were taken from the same field plots as figure 8. Plots 
were harvested twice in the year of transplanting (1992) and 
three times in 1993 and 1994. Values represent the sum of all 
harvests in one year for total dry matter and are expressed as g 
m -2. RA3 is the non-transgenic control (open bars). The mean 
of two independent transgenic plants containing the pMitSOD 
are shown by hatched bars and two independent transgenic 
plants containing the pChlSOD are shown by solid bars. LSD 
values at the 5 % level of probability (n.--4) are 113 for year 1, 
130 for year 2 and 90 for year 3. Data from McKersie et aL 
(1996). 

492 



MANIPULATING FREEZING TOLERANCE IN TRANSGENIC PLANTS 

jury that the transgenic alfalfa plants suffered, not 

in whether the injury occurred. 

The source of  oxygen free radicals produced after 

freezing injury has not been defined but there are 

several potential candidates. We have previously 

shown that microsomal membranes from wheat 

seedlings isolated from frozen tissue have a greater 

tendency to form superoxide than those from con L 

trol plants (Kendall and McKersie 1989). Realize 

also that as water freezes in the plant tissue, any dis- 

solved oxygen is excluded from the ice and accu- 

mulates to saturating, or perhaps supersaturating, 

levels in the liquid. Therefore, freezing seems to 

promote both the tendency of the tissue to donate 

electrons to oxygen and to increase the availability 

of oxygen as a substrate for the reaction. The actual 

donor of the electron to oxygen is possibly a dys- 

functional electron transport chain, such as that of 

the chloroplast or mitochondrion (Lawrence et al. 

1995, Morre et at. 1995, Morre, 1986). Other pos- 

siblilities include the NADH oxidase system on the 

plasmalemma (Otter and Polle 1994), cell wall per- 

oxidases (Bhaumik et al. 1995), or soluble enzymes 

including acetaldehyde oxidase or xanthine oxi- 

dase (Bhanmik etal.  1995). Numerous reviews dis- 

cuss the involvement of  oxygen free radicals and 

their implication in various metabolic disorders in 

plants and humans (Elstner 1991, Gutteridge and 

Halliwell 1990, Halliwell 1987a,b, Halliwell and 

Gutteridge 1984, Low and Merida 1996, McKersie 

and Leshem 1994). 

Conclus ions  a n d  f u t u r e  studies 

These results support our hypothesis that we might 

genetically engineer crop plants with increased 

winterhardiness by improving tolerance of oxida- 

tive stress. However, there are many questions that 

remain to be addressed. We are not sure why the in- 

troduced SOD has led to the improved stress toler- 

ance exhibited by the transgenic plants. It may 

function to simply lower the titer of free radicals in 

the frozen tissue or stop the spread of  oxidative 

stress after freezing, as originally proposed from 

the observations in our physiological studies. Al- 

ternatively, higher SOD activity may increase the 

steady-state levels of hydrogen peroxide. Hydro- 

gen peroxide has recently been shown to be an elici- 

tor in several stress and disease responses (Baker 

and Orlandi 1995, Levine et al. 1994). Therefore, 

the expression of the SOD transgene might be acti- 

vating or enhancing a whole defense system not just 

a single enzyme. Understanding how this SOD 

transgene has increased stress tolerance is critical to 

our future efforts to develop more winterhardy 

crops. For example, we do not know if this is the 

best candidate gene to be manipulating. The meta- 

bolic pathways that detoxify activated oxygen are 

complex, and SOD is only one of many enzymes in 

this pathway (Bowler et al. 1994, 1992, Foyer et at. 

1994, Scandalios 1990, 1993). Perhaps other en- 

zymes such as ascorbate peroxidase or glntathione 

reductase are better candidates for genetic manipu- 

lation (Foyer et al. 1994). We also do not know 

what the negative side effects of increased SOD ac- 

tivity might have in plant metabolism, if any. Apro- 

moter other than CaMV35S for the SOD transgene 

may be required, such as one regulated by cold (e.g. 

Jiang et al. 1996) or ABA (e.g. Marcotte et al. 

1989), so that high SOD levels do not accumulate in 

the summer months. Alternatively, its expression 

should perhaps be targeted to specific tissues at spe- 

cific stages of  development, for example roots and 

crowns after an acclimation period. Even though 

we have not detected effects due to subcellular tar- 

geting of SOD to mitochodrial and chloroplasts in 

the experiments to date, it remains probable that 

subcellar targeting of the protein would also have 

an effect on the efficacy of  the transgene in protec- 

tion form different types of  stress. 

In conclusion, we are now fairly confident that en- 

gineering increased tolerance of  oxidative stress 

will lead to improvements in the winterhardiness of 

alfalfa and other perennial crops, but there is con- 
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siderable research and development  that needs to be 

done to turn that opt imism into an economic reality. 

A c k n o w l e d g e m e n t s  

Financial assistance for this research was provided by the 
Natural Sciences and Engineering Research Council of Canada 
and the Ontario Ministry of Agriculture, Food and Rural Af- 
fairs. 

References  

Andrews C.J., Pomeroy M.K. 1989. Physiological 
properties of plants affecting ice-encasement tolerance. 
Icel Agr Sci 2: 41-51. 

Baker C.J., Orlandi E.W. 1995. Active oxygen in plant 
pathogenesis. Annu Rev Phytopathol 33: 299-321. 

Bannister J.V., Bannister W.H., Rotils G. 1987. As- 
pects of the structure, function and applications of super- 
oxide dismutase. CRC Crit Reviews Biochem 22:110- 
180. 

Bhaumik G., Srivastava K.K., Selvamurthy W., Pur-  
kayastha S.S. 1995. The role of free radicals in cold in- 
juries. Int J Biometeorol 38: 171-175. 

Borochov A., Walker M.A., Kendall E.J., Pauls 
K.P., McKersie B.D. 1987. Effect of a freeze-thaw cy- 
cle on properties of microsomal membranes from wheat. 
Plant Physiol 84: 131-134. 

Bowler C., Alliotte T., De Loose M., Van Montagu 
M., Inz6 D. 1989. The induction of manganese superox- 
ide dismutase in response to stress in Nicotiana plum- 
baginifolia. EMBO J. 8: 31-38. 

Bowler C., Van Camp W., Van Montagu M., Inz6 D. 
1994. Superoxide dismutase in plants. Crit Reviews 
Plant Sci 13: 199-218. 

Bowler C., Van Montagu M., Inz6 D. 1992. Superox- 
ide dismutase and stress tolerance. Annu Rev Plant 
Physiol Plant Mol Biol 43:83-116. 

Bowler C., Slooten L., Vandenbranden S, De Rycke 
R., Botterman J., Sybesma C., Van Montagu M., 
Inz6 D. 1991. Manganese superoxide dismutase can re- 
duce cellular damage mediated by oxygen radicals in 
transgenic plants. EMBO J 10: 1723-1732. 

Bowley S.R., Kielly G.A., Anandarajah K., McKersie 
B.D., Senaratna T. 1993. Field evaluation following 
two cycles of backcross transfer of somatic embryogene- 
sis to commercial alfalfa germplasm. Can J Plant Sci 73: 
131-137. 

Bridger G.M., Yang W., Falk D.E., McKersie B.D. 
1995. Cold acclimation increases tolerance of activated 
oxygen in winter cereals. J Plant Physiol. 

Chia L.S., McRaeD.G., Thompson J.E. 1982. Light- 
dependence of paraquat-initiated membrane deteriora- 
tion in bean plants. Evidence for the involvement of su- 
peroxide. Physiol Plant 56: 492-499. 

Chert Y. 1993. Improvement of stress tolerance in al- 
falfa Medicago sativa L. by genetic engineering. PhD 
thesis, University of Guelph. 

D' Halluin K., Botterman J., De Greef W. 1990. Engi- 
neering of herbicide-resistant alfalfa and evaluation un- 
der field conditions. Crop Sci 30: 866-871. 

De Beus, M.D. 1991. Evaluation of transgenic alfalfa 
Medicago sativa L. for enhanced stress tolerance. MSc 
thesis, University of Guelph. 

Elstner E.F. 1982. Oxygen activation and oxygen toxic- 
ity. Annu Rev Plant Physiol 33: 73-96. 

Elstner E.F. 1991. Mechanisms of oxygen activation in 
different compartments of plant ceils. In Active oxy- 
gen/oxidative stress and plant metabolism, EJ Pell, KL 
Steffen eds, American Soc. Plant Physiology. Rockville, 
M.D., pp. 13-25. 

Fowler D.B., Lumin A.E., Gusta L.V. 1983. Breeding 
for winterhardiness in wheat. In New Frontiers in Winter 
Wheat Production., D. B. Fowler, L. V. Gusta, A. E. 
Slinkard, B. A. Hobin eds, University of Saskatchewan, 
Saskatoon, Canada., pp. 136-184. 

Foyer C.H., Descourvieres P., Kunert K.J. 1994. Pro- 
tection against oxygen radicals: an important defence 
mechanism studied in transgenic plants. Plant Cell Env 
17: 507-523. 

Grant M.N. 1983. Winter wheat breeding objectives for 
Western Canada. In New Frontiers in Winter Wheat Pro- 
duction., D.B. Fowler, L. V. Gusta, A. E. Slinkard, B. A. 
Hobin eds, University of Saskatchewan, Saskatoon, 
Canada., pp. 89-101. 

Gutteridge J.C., Halliwell B. 1990. The measurement 
and mechanism of lipid peroxidation in biological sys- 
tems. Trends Biochem Sci 15: 129-135. 

Halliwell B. 1987a. Oxidants and human desease: some 
new concepts. FASEB J 1: 358. 

Halliwell B. 1987b. Oxidative damage, lipid peroxida- 
tion and anti-oxidant protection in chloroplasts. Chem 
Phys Lipids 44: 327-340. 

Halliwell B., Gutteridge J. 1984. Oxygen toxicity, oxy- 
gen radicals, transition metals and disease. Biochem J 
219: 1-14. 

494 



MANIPULATING FREEZING TOLERANCE IN TRANSGENIC PLANTS 

Hetherington P.R., Broughton H.L., McKersie B.D. 
1988. Ice-encasement injury to microsomal membranes 
from winter wheat crowns II. Changes in membrane lip- 
ids during ice-encasement. Plant Physiol 86: 740-743. 

Hetherington P.R., McKersie B.D., Borochov A. 
1987. Ice-encasement injury to microsomal membranes 
from winter wheat crowns I. Comparison of membrane 
properties after lethal ice-encasement and during a post- 
thaw period. Plant Physiol 85: 1068-1072. 

Jiang C., Iu B., Singh J. 1996. Requirement of a 
CCGAC cis-acting element for cold induction of the 
BN115 gene from winter Brassica napus, Plant Mol Biol 
30: 679-684. 

Kendall E.J., McKersie B.D. 1989. Free radical and 
freezing injury to cell membranes of winter wheat. 
Physiol Plant 76: 86-94. 

Kendall E.J., McKersie B.D., Stinson RH. 1985. 
Phase properties of membranes after freezing injury in 
winter wheat. Can J Bot 63: 2274-2277. 

Lawrence K., Bhalla P, Misra P.C. 1995. NADH- 
dependent redox activities on the extemal face of plasma 
membrane vesicles of chickpea roots. J Plant Physiol 
146: 763-765. 

Levine A., Tenhaken R., Dixon R., Lamb C. 1994. 
H202 from the oxidative burst orchestrates the plant hy- 
persensitive disease resistance response. Cell 79: 583- 
593. 

Low P.S., Merida J.R 1996. The oxidative burst in plant 
defense: Function and signal transduction. Physiol Plant 
96: 533-542. 

Lynch D.V., Steponkus P.L. 1987. Plasma membrane 
lipid alterations associated with cold acclimation of win- 
ter rye seedlings Secale cereale L, cv. Puma. Plant 
Physiol 83: 761-767. 

Marcotte W.R. Jr., Russell S.H., Quatrano R.S. 
1989. Abscisic acid-responsive sequences from the Em 
gene of wheat. Plant Cell 1: 969-976. 

McKenzie J.S., Paquin R., Duke S.H. 1988. Cold and 
heat tolerance. In Alfalfa and Alfalfa Improvement. AA 
Hanson, DK Barnes, RR Hill, eds. American Society of 
Agronomy, Madison, WI. Pp259-302. 

McKersie B.D., Bowley S.R. 1993. Synthetic seeds in 
alfalfa. In Synseeds Applications of Synthetic Seeds to 
Crop Improvement., K. Redenbaugh ed, CRC Press, 
Boca Raton., pp. 231-255. 

McKersie B.D., Chert Y.R., de Beus M., Bowley S.R., 
Bowler C., Inz~ D., D'HaUuin K., Botterman J. 1993. 
Superoxide dismutase enhances tolerance of freezing 

stress in transgenic alfalfa Medicago sativa L.. Plant 
Physiol 103:1155-1163. 

McKersie B.D., Bowley S.R., Har janto  E., Leprince 
O. 1996. Water deficit tolerance and field performance 
of transgenic alfalfa overexpressing superoxide dismu- 
tase. Plant Physiol 111: 1177-1181. 

MeKersie B.D., Leshem Y.Y. 1994. Stress and stress 
coping in cultivated plants. Kluwer Academic Publish- 
ers, Dordrecht, Netherlands. 

McKersie B.D., Thompson J.E. 1978. Phase behavior 
of chloroplast and microsomal membranes during [kid- 
ney beans] leaf senescence. Plant Physiol 61: 639-643. 

Morre D.J., Brightman A.O., Hidalgo A., Navas P. 
1995. Selective inhibition of auxin-stimulated NADH 
oxidase activity and elongation growth of soybean hypo- 
cotyls by thiol reagents. Plant Physiol 107:1285-1291 

Morre D.J., Navas P., Penel C., Castillo F.J 1986. 
Auxin stimulated NADH oxidase semihydroascorbate 
reductase of soybean plasma membrane: role in acidifi- 
cation of cytoplasm. Protoplasma 133: 195-197. 

Otter T., Polle A. 1994. The influence of apoplastic 
ascorbate on the activities of cell wall-associated peroxi- 
dase and NADH oxidase in needles of Norway spruce 
Picea abies L. Plant Cell Physiol 35: 1231-1238. 

Pukacld P.M., Kendall E.J. McKersie B.D. 1991. 
Membrane injury during freezing stress to winter wheat 
Triticum aestivum L. crowns. J Plant Physiol 138:516- 
521. 

Scandalios J.G. 1990. Response of plant antioxidant 
defense genes to environmental stress. Adv Genet 28: 1- 
41. 

Scandalios J.G. 1993. Oxygen stress and superoxide 
dismutases. Plant Physiol 101: 7-12. 

Senaratna T., McKersie B.D., Borochov A. 1987. 
Desiccation and free radical mediated changes in plant 
membranes. J Exptl Bot 38: 2005-2014. 

Senaratna T., McKersie B.D., Stinson R.H. 1984. As- 
sociation between membrane phase properties and dehy- 
dration injury in soybean axes, Plant Physiol 76: 759- 
762. 

Schubert B.K. 1994. Glutathione, glutathione reduc- 
tase and freezing stress in alfalfa Medicago sativa L.. 
MSc thesis, University of Guelph. 

Uemura M., Steponkus P.L. 1994. A contrast of the 
plasma membrane lipid composition of oat and rye 
leaves in relation to freezing tolerance. Plant Physiol 
104: 479-496. 

495 


