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Activated oxygen or oxygen free radicals have been implicated 
in a number of physiological disorders in plants including freezing 
injury. Superoxide dismutase (SOD) catalyzes the dismutation of 
superoxide into O2 and H202 and thereby reduces the titer of 
activated oxygen molecules in the cell. To further examine the 
relationship between oxidative and freezing stresses, the expres- 
sion of SOD was modified in transgenic alfalfa (Medicago safiva 
1.). The Mn-SOD cDNA from Nicotiana plumbaginifolia under the 
control of the cauliflower mosaic virus 35s promoter was intro- 
duced into alfalfa using Agrobacferium tumefaciens-mediated 
transformation. Two plasmid vectors, pMitSOD and pChlSOD, 
contained a chimeric Mn-SOD construct with a transit peptide for 
targeting to the mitochondria or one for targeting to the chloro- 
plast, respectively. The putatively transgenic plants were selected 
for resistance to kanamycin and screened for neomycin phospho- 
transferase activity and the presence of an additional Mn-SOD 
isozyme. Detailed analysis of a set of four selected transformants 
indicated that some had enhanced SOD activity, increased toler- 
ante to the diphenyl ether herbicide, acifluorfen, and increased 
regrowth after freezing stress. l h e  F1 progeny of one line, RA3- 
ChlSOD-30, were analyzed by SOD isozyme activity, by polymer- 
ase chain reaction for the Mn-SOD gene, and by polymerase chain 
reaction for the neo gene. RA3-ChlSOD-30 had three sites of 
insertion of pChlSOD, but only one gave a functional Mn-SOD 
isozyme; the other two were apparently partia1 insertions. The 
progeny with a functional Mn-SOD transgene had more rapid 
regrowth following freezing stress than those progeny lacking the 
functional Mn-SOD transgene, suggesting that Mn-SOD serves a 
protective role by minimizing oxygen free radical production after 
freezing stress. 

Activated oxygen species such as superoxide, hydrogen 
peroxide, and hydroxyl radical are associated with a number 
of physiological disorders in plants. Although activated oxy- 
gen is produced as a by-product of normal cell metabolism, 
its levels are enhanced by exposure to chemical and environ- 
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mental stress. Increased production of activated oxygen spe- 
cies has been associated with the development of injury 
symptoms resulting from diverse environmental stresses, in- 
cluding chilling (Wise, and Naylor, 1987; Senaratna et al., 
1988), drought (Price and Hendry, 1991), desiccation (Sen- 
aratna et al., 1985; Leprince et al., 1990), flooding (Hunter et 
al., 1983; Van Toai and Bolles, 1991), freezing (Kendall and 
McKersie, 1989), and ice encasement (McKersie et al., 1988). 
Tolerance to these environmental stresses correlates with an 
increased capacity to scavenge or detoxify activated oxygen 
species (McKersie et al., 1988; Kendall and McKersie, 1989; 
Malan et al., 1990). A number of enzymes are involved in 
the selective detoxification of activated oxygen species. One 
enzyme, SOD (EC 1.15.1.1), catalyzes the dismutation of 
superoxide to hydrogen peroxide and molecular oxygen 
(Bowler et al., 1992). The hydrogen peroxide is removeti by 
a number of different peroxidase enzymes such as those in 
the ascorbate-GSH cycle present in the chloroplast (Foyer et 
al., 1991; Salin, 1991). 

SODs are metalloproteins classified into three distinct types 
according to their metal cofactor: Cu/Zn (Cu/Zn-SOD), Mn 
(Mn-SOD), and Fe (Fe-SOD). The Cu/Zn-SOD is found 
almost exclusively in eukaryotes in the cytosol and/or chlo- 
roplast. The Mn-SOD group is widely distributed in prokar- 
yotes and in the mitochondrial matrix of eukaryotes. Fe-SOD 
has been found in prokaryotes and recently within the chlo- 
roplast of some plant families (Bannister et al., 1987; Bowler 
et al., 1992). 

Severa1 SOD cDNAs have been cloned from plants (Bowler 
et al., 1992; Perl et al., 1993), and transgenic plants have 
been produced that exhibit enhanced SOD activity. In some 
cases, these transgenic plants exhibited enhanced tolerance 
of oxidative stress (Bowler et al., 1991; Perl et al., 1993; Sen 
Gupta et al., 1993), whereas in other cases, they did not 
(Tepperman and Dunsmuir, 1990; Pitcher et al., 1991). To- 
bacco (Nicotiana tabacum) transformed with the Nicotiana 
plumbaginifolia Mn-SOD cDNA showed reduced cellular 
damage when treated with paraquat, an oxygen free radical- 
generating herbicide (Bowler et al., 1991). Similarly, trans- 
genic potato (Solanum tuberosum) plants expressing a tomato 

Abbreviations: Fo, initial fluorescence; F,,, maximal fluorescence; 
LDso, lethal dose causing 50% death; npt, neomycin phosphotrans- 
ferase; PCR, polymerase chain reaction; SOD, superoxide dismutase. 
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Cu/Zn-SOD were also more resistant to paraquat (Perl et al., 
1993). On the other hand, tobacco plants that were trans- 
formed using a petunia (Petunia hybrida) chloroplastic Cu/ 
Zn-SOD cDNA had a 30- to 50-fold increase in chloroplastic 
Cu/Zn-SOD acitivity, but the plants did not have enhanced 
tolerance to oxidative stress imposed by the herbicide para- 
quat (Tepperman and Dunsmuir, 1990) nor were they more 
tolerant to ozone (Pitcher et al., 1991). Tomato (Lycopersicon 
esculentum) transformed with the same construct did not 
exhibit increased tolerance to photoinhibition at low temper- 
atures (4OC) aiid high light (Tepperman and Dunsmuir, 
1990). More recently, Sen Gupta et al. (1993) demonstrated 
increased resisteince to photoinhibition in tobacco plants that 
expressed a cDlNA for pea (Pisum sativum) Cu/Zn-SOD. 
These transgenic tobacco plants retained photosynthetic rates 
that were approximately 20% higher than nontransformed 
tobacco plants vvhen subjected to chilling temperatures (3OC) 
under moderate light intensities. These differences among 
the experiments on transgenic SOD plants are possibly due 
to differences ir1 the leve1 of expression, with extreme over- 
expression being detrimental. In this respect, the balance 
between the activities of SOD and the subsequent hydrogen 
peroxide scavenging enzymes, such as ascorbate peroxidase 
and GSH reducitase, is probably critical. 

We have introlduced the N. plumbaginifolia Mn-SOD cDNA 
(Bowler et al., 1989) into alfalfa (Medicago sativa L.) to eval- 
uate its effect on the persistence of this perennial. These 
plants were developed to test our previous hypothesis that 
there is an involvement of oxidative stress in mediating injury 
after freezing stress (Kendall and McKersie, 1989) and spe- 
cifically to asses the role of SOD in freezing tolerance. In 
this report we describe our evaluation of the primary trans- 
formants and the inheritance of the SOD transgene in one 
transformant that exhibited enhanced freezing tolerance. 

MATERIALS AND METHODS 

Plant Material 

An alfalfa (Medicago sativa L.) plant RA3 from Regen S 
(Walker et al., 1.978) was utilized in the transformation ex- 
periments and was vegetatively propagated by cuttings. Agro- 
bacterium-medialted transformation was conducted using the 
method described by D'Halluin et al. (1990). The T-DNA 
vectors, pMitSOlD and pChlSOD, were described previously 
by Bowler et al. (1991). Both contain a cDNA encoding Mn- 
SOD isolated from Nicotiana plumbaginifolia (Bowler et al., 
1989) under the control of the cauliflower mosaic virus 35s 
promoter (Odell et al., 1985) and the neo gene, encoding npt- 
I1 and conferring kanamycin resistance, under the control of 
the nopaline synthase (nos) promoter as a selectable marker 
(Herrera-Estrella et al., 1983). In pMitSOD, the Mn-SOD 
contained its OWTI transit peptide sequence for mitochondrial 
targeting (Bowler et al., 1991). The pChlSOD vector con- 
tained a transit peptide sequence that targets the Mn-SOD 
cDNA product to the chloroplast (Bowler et al., 1991). 

Regenerated plants were selected on 50 mg L-' of kana- 
mycin and tested for expression of the neo gene before 
transplanting to the growth room (D'Halluin et al., 1990). All 
plants were grown in a growth room with a 16-h photoperiod 

(300 pmol m-* s-l PPFD), 21/18OC day/night temperature, 
watered daily, and fertilized every 3rd d with a 0.1% (w/v) 
20:20:20 fertilizer. The primary transformants were propa- 
gated by cuttings to increase the number of plants available 
for biochemical, physiological, and genetic analysis. 

Native PACE Determination of 
SOD lsozyme Banding Pattern 

Six 7.0" leaf discs from the first fully expanded leaves 
were placed in 120 pL of homogenizing buffer consisting of 
0.1 M Tris-HC1 (pH 7.2), 0.5 M SUC, 6 m~ Cys-HCI, 6 m~ 
ascorbic acid, 1% (v/v) Tween 80, 4% PVP, 0.02 M diethyl- 
dithiocarbonic acid, 30 m~ sodium metabisulfate, 0,4 m~ 
NAD, 0.1% BSA, 1 m~ DTT, 0.5 m~ EDTA, 10% DMSO, 
1% PEG, and 1% @-mercaptoethanol (Pitel and Cheliak, 
1984). Alfalfa contains secondary products that inactivate 
enzymes in homogenates; this complex buffer was used to 
prevent this inactivation (C. Duxbury and B.D. Mcl<ersie, 
unpublished data). The samples were homogenized using a 
power-driven pestle for 15 to 20 s and then centrifuged at 
13,600g for 15 min at 4OC, and the supematant was removed 
for electrophoresis and protein determination. 

Total protein was determined spectrophotometrically at 
595 nm using Coomassie protein reagent (Bradford, 1976). A 
0.75-mm, 13% separating gel with a 4% stacking gel was 
loaded with 70 pg of protein. The staining solution consisted 
of 50 m~ potassium phosphate buffer (pH 7.8), 0.03 m~ 
riboflavin, 0.326% (v/v) N-N-N'-N'-tetraethylene diamide, 
and 1.25 m~ nitroblue tetrazolium (Beauchamp and Frido- 
vich, 1971). Gels were floated in the staining solution in the 
dark for 30 min, removed from the stain, and illuminated on 
a light box for 20 min. 

I 

SOD Activity 

SOD activity in leaf extracts of alfalfa was based on the 
indirect spectrophotometric method described by Spychalla 
and Desborough (1990) except that diethylene triamine pen- 
taacetic acid was used instead of EDTA in the assay rnixture. 
Briefly, 200 mg of leaves were ground in liquid nitrogen and 
extracted with 4 mL of homogenizing buffer (Pitel and Che- 
liak, 1984). The extract was filtered through filter paper and 
loaded onto a Pharmacia PD-10 column of Sephadex C;-250. 
The eluent in 0.5- to 3.5-mL fractions was collectetl and 
assayed immediately for SOD activity and protein content 
(Bradford, 1976). SOD activity was calculated in varying 
volumes of extract according to the method of Giannopolitis 
and Ries (1977). 

PCR Analysis 

DNA was extracted from leaf discs as described by Edwards 
et ai. (1991). PCR was performed with specific primers either 
for neo gene (P1 and P3) or for the Mn-SOD transgene in the 
pChlSOD vector (CP and SP2), on a 5-pL DNA solution in a 
GTC-2 Genetic Thermal Cycler (Precision Scientific, Inc., 
Chicago, IL) using 250 pmol of each primer, 100 ~ L M  oiF each 
deoxyribonucleotide triphosphate, 3 units of Taq DN.A po- 
lymerase (Promega), and 5 pL of 1OX Taq DNA polynterase 



Superoxide Dismutase and Freezing Tolerance 1157 

buffer (Promega) in a 50-pL reaction mixture. The reactions 
were overlaid with 50 pL of light mineral oil. The amplifica- 
tion was started with one 5-min cycle at 94OC followed by 
30 cycles of 1.5 min at 94OC, 2 min at 65OC (for npt-I1 
primers) or at 55OC (for Mn-SOD primers), and 3 min at 
72OC, and this was followed by one 5-min cycle at 72OC. 
Each PCR sample (25 pL) was electrophoresed on a 1.2% 
agarose gel and visualized by staining with ethidium 
bromide. 

The PCR primers used for analysis of the neo gene were 
computer selected, and the primer sequences were P1, 5’- 
AGCTGTGCTCGACGTTGTCAC-3’, and PB, 5’-GGTGG- 
GCGAAGAACTCCAGCA-3’. A 732-bp fragment was ex- 
pected if the template DNA contained this portion of the 
neo-coding sequence. The sequences of the PCR primers used 
for analysis of the introduced Mn-SOD cDNA were CP, 5’- 
ATGACTGGATTCCCAGTG-3’, and SP’, 5’-AGAAAC- 
CAAAGGGTCCTG-3’, which were complementary to the 
region encoding the Rubisco small subunit transit peptide 
and an intemal sequence of the Mn-SOD cDNA, respectively. 
A 545-bp product was expected. The CP primer was used to 
reduce complementarity with the alfalfa Mn-SOD genes. 

Cytological Examination 

Young roots from newly rooted cuttings were pretreated 
in ice water at O°C for 16 to 18 h, fixed in a 3:l (v/v) mixture 
of ethanol and glacial acetic acid for 24 h, and stained in 1% 
acetocarmine for 2 h. Squashes were made in 45% acetic 
acid, and chromosome number was counted from the root- 
tip cells in metaphase. 

Herbicide Treatments 

Trifoliolate leaves of RA3 and primary transformants were 
weighed and floated on 3.0 mL of acifluorfen (Rohm and 
Haas, Spring House, PA) solution in a Petri plate for 16 h at 
room temperature in the dark, then illuminated for 2 h (400 
pmol m-’ sec-’ PPFD), and retumed to the dark for a further 
16 h at 30OC. Three trifoliolate leaves were used for each 
herbicide treatment, and the experiment was replicated three 
times. The herbicide solution was removed from the Petri 
plate and adjusted to 3.0 mL with deionized water to com- 
pensate for evaporation. The conductance was expressed as 
pQ-’ cm-’ 20 mg-’ fresh weight. All conductances were 
corrected by subtracting the conductance value per 20 mg of 
trifoliolate leaves floating on water (zero herbicide control). 

Using a Hansatech Modulated Fluorescence Measurement 
System (Hansatech Ltd., Norfolk, England), the parameters 
F, and F,,, of each trifoliolate were measured. This allowed 
for the calculation of photosynthetic quantum yield = 
(F,,, - F,)/F,,,] as an indication of the fitness of the photo- 
synthetic pathway after stress (Gentry et al., 1989). Operating 
conditions were 1 s of saturating light pulse, 8000 pmol m-’ 
s-’ PPFD at the end of the probe, and 2000 pmol m-’ s-’ 
PPFD at the tissue. 

The parameters, conductivity and quantum yield, were 
analyzed statistically as a split-plot arrangement. Herbicide 
treatments were assigned to the whole plot, and plants were 
assigned to the split plots. Comparisons among plants were 
made based on a protected LSD at the 5% leve1 of probability. 

Freezing Tolerance 

Twenty-four cuttings of each plant were prepared and 
propagated for evaluation under six different environmental 
stress treatments, no stress, and freezing to -8, -10, -12, 
-14, and -16OC. Cuttings were grown in 2.2-cm2 root trainer 
trays, with four plants per experimental unit, for 7 weeks to 
establish a good root system, and then they were clipped to 
2 to 3 cm above the soil surface and allowed to grow back 
for 1 week. The plants were then acclimated for 4 weeks in 
a growth cabinet with a 12-h photoperiod (200 pmol m-’ s-’ 
PPFD) at 2OC. The plants were watered every 2nd d and 
fertilized every third watering with 0.1% (w/v) 20:20:20 
fertilizer. After acclimation the plants were defoliated to 2 to 
3 cm above soil. The nonstressed cuttings of each plant were 
put directly back into the growth room with a 16-h photo- 
period (400 pmol m-’ s-’ PPFD), 21/18OC day/night tem- 
perature. For freezing, 20 cuttings of each plant (five groups 
of four) were put in a programmable freezer in the dark and 
held at -2OC for 48 h to freeze the soil medium. The 
temperature was then decreased at a constant rate of 2OC 
h-’. Plants were subsampled at -8, -10, -12, -14, and 
-16OC, packed in Styrofoam chips at 2OC for 48 h to reduce 
the rate of thawing, and then transferred to the growth room. 
Shoot regrowth was cut from the surviving plants in two 
consecutive harvests at 28 and 56 d and dried for 48 h at 
80OC. The values for the regrowth data were expressed as 
average regrowth of the two harvests per four plants. Plants 
that did not survive were assigned a regrowth value of zero 
and were included in the calculation. This experiment was 
replicated three times and was statistically analyzed as a split- 
plot design with intensity of stress as the whole plot and 
lines as split plots. 

lnheritance of SOD Transgene and Freezing Tolerance 

For the inheritance study, the primary transformant RA3- 
ChlSOD-30 was crossed to the agronomically desirable 
breeding line C2-3 obtained from the University of Guelph 
breeding program. C2-3 rather than RA3 was used for this 
test cross because RA3 exhibits in-breeding depression when 
self-pollinated. Reciproca1 crosses were made without emas- 
culation. F1 seeds were germinated on moist filter paper in a 
Petri dish at room temperature for 3 to 5 d, transplanted to 
pots, and grown in a growth room as described above. 

Protein samples were collected from fully opened young 
leaves for Mn-SOD analysis using PAGE as above. Plants 
were classified as MnSOD+ (band present) or MnSOD- (band 
absent). PCR analysis was conducted on the progeny both 
for the neo gene and for the Mn-SOD transgene as described 
above. To measure ffeezing tolerances, we divided the prog- 
eny into two populations, MnSOD- and MnSOD’. The plants 
were grown, acclimated, and subjected to freezing stress as 
described previously for the primary transformants except 
that the plants were grown in individual 8-cm-diameter pots, 
which allowed more shoot growth. At least four plants were 
randomly sampled from each population at each freezing 
temperature. Regrowth of the plants after freezing stress was 
determined as total herbage yield after 28 and 56 d. 
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Figure 1, Native PAGE of SOD isozymes from the leaves of alfalfa
(M. sativa L.) clone RA3 (lane 1) and the transgenic plants RA3-
ChlSOD-30 (lane 2). The arrowhead indicates the presence of the
additional Mn-SOD isozyme.

RESULTS

Analysis of Primary Transformants

The putative transformants were regenerated and selected
first for expression of the neo gene (data not shown). For
pMitSOD and pChlSOD, 40 and 33 plants, respectively, were
selected, propagated by cuttings, and screened using native
PAGE gels to determine the SOD isozyme banding pattern.
RA3 had five SOD isozymes, and 20 of the putatively trans-
genic plants showed the presence of an extra high mol wt
isozyme (Fig. 1). In RA3, the highest mol wt isozyme was
resistant to both hydrogen peroxide and sodium cyanide and,
therefore, was characterized as Mn-SOD; the other four
isozymes were inhibited by both hydrogen peroxide and
cyanide and, therefore, were characterized as Cu/Zn-SOD.
No Fe-SOD isozymes were detected. The additional isozyme
of the putatively transgenic plants was resistant to both
inhibitors, confirming that it was Mn-SOD. The intensity of
this extra SOD band varied quite dramatically among the
transformants. Based on visual assessment of intensity, two
plants with the highest expression were selected from each
of the constructs for further detailed evaluation; these four
were subsequently called RA3-ChlSOD-30, RA3-ChlSOD-
64, RA3-MitSOD-5, and RA3-MitSOD-38. These names des-
ignate the original genotype that was transformed, the vector
used, and the plant number of the primary transgenic.

Only four of the primary transformants were selected for
more detailed evaluation because it was necessary to propa-
gate these primary transformants with cuttings, and large
numbers of plants were required to accurately evaluate stress
tolerances. The primary transformants were examined be-
cause alfalfa is an autoterraploid species that exhibits in-
breeding depression. Therefore, selfing the primary transfor-

mant would not have given genetically identical progeny but,
instead, a segregating population of progeny with an antici-
pated lower level of stress tolerance due to in-breeding
depression. Therefore, propagation with cuttings was the
only method available to maintain the original genotype for
evaluation of stress tolerance.

Chromosome counts were made from root-tip cells in
metaphase on two of the transformants, RA3-ChlSOD-30
and RA3-CMSOD-64; both had normal karyotype (2n = 32).
The presence of the Mn-SOD transgene in RA3-ChlSOD-30
and RA3-ChlSOD-64 was confirmed using PCR amplifica-
tion with synthetic primers specific for the Mn-SOD cDNA
(S?2) and the chloroplast transit peptide (CP) sequences (Fig.
2). The expected 545-bp fragment was obtained from both
primary transformants tested. These two primary transform-
ants also had the expected 732-bp fragment following PCR
amplification with the primers specific for the neo gene (data
not shown).

Total SOD activity was measured in leaf extracts from the
transgenic plants. In the preliminary analysis a nonenzymic
inhibition of Cyt c reduction by the leaf extract was suspected
because the inhibition was not related predictably to the
concentration of SOD added (volume of extract). Therefore,
the extract was passed through a desalting Sephadex G-250
column before the enzyme assay to remove the interfering
compounds, and, subsequently, this extract was used to de-
termine the amount of protein required to give 50% inhibition
of the xanthine oxidase reduction of Cyt c. Plotting the data
as the rate of Cyt c reduction without SOD (V) relative to the
rate with SOD (v) according to the method of Giannopolitis
and Ries (1977) gave a linear relationship to both precolumn
(Fig. 3) and postcolumn protein (data not shown). The slope
of the regression line is related to the Cyt c concentration and
the affinity of SOD and Cyt c for superoxide.

Apparently the presence of the additional Mn-SOD iso-

1 2 3 4 5 6

Figure 2. PCR amplification of the Mn-SOD transgene in transgenic
alfalfa (M. sativa L.) RA3-ChlSOD-30 and RA3-ChlSOD-64 using
primers specific for the chloroplast transit peptide sequence and
an internal sequence of the Mn-SOD cDNA. Lane 1, A DNAH/ndlll/
0X174 DNA Haelll digest; lane 2, RA3; lane 3, pChlSOD plasmid;
lane 4, water; lane 5, RA3-ChlSOD-30; lane 6, RA3-CMSOD-64.
The arrow indicates the expected 545-bp fragment.
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Figure 3. SOD activity (percentage inhibition) in leaf extracts from 
RA3 and RA3-ChlSOD-30 alfalfa (M.  sativa L.) after desalting through 
a Sephadex C-250 column. Activities are expressed as iate of Cyt 
c reduction without SOD ( V )  relative to iate with SOD (v). The lines 
represent the linear regression equations: for RA3, y = 1.16 + 
O.O037x, ? = 0.987; for RA3-ChlSOD-30, y = 1.26 + O.O052x, ? = 
9.82. n = 3. 

zyme enhanced the affinity of the crude extract for superox- 
ide in addition to increasing total activity. Comparison of the 
leaf extracts from the four transgenic plants and the RA3 
control indicated that the transgenic plants had approxi- 
mately twice the amount of total SOD activity (Table I). 
Although the relative activity of SOD varied in leaf age and 
growth conditions among the plants, the transgenics consist- 
ently had a 30 to 100% increase in total SOD activity. The 
inclusion of 100 p~ cyanide- in the assay mixture inhibits 
Cu/Zn-SOD activity (Bridges and Salin, 1981) and, therefore, 
estimates Mn-SOD activity. In the presence of cyanide- three 
of the transgenic plants had approximately 45 to 95% increase 
in Mn-SOD activity relative to RA3 (Table I), but the stimu- 
lation of total SOD in the transgenic plants and the amount 

Table 1. Total and Mn-SOD activity of young, fully expanded leaves 
of the primary transformants of alfalfa (M. sativa L.) expressing the 
Mn-SOD transgene 

Values represent units of activity pg-’ of postcolumn protein, 
where one unit inhibits by 50% the reduction of Cyt c by 
sweroxide. 

Plant Total SOD Mn-SOD 

RA3 13.0 2.34 
RA3-MitSOD-5 24.3” 4.57” 
RA3-MitSOD-38 24.7” 3.8ga 
RA3-ChISOD-30 25.3a 3.43” 
RA3-ChlSOD-64 24.7= 2.88 NS 

a Significant difference between the transgenic plant and the 
nontransgenic RA3 control at t h e  5% level of probability according 
to a protected t test. n = 3. 

of Mn-SOD activity did not mathematically correspond. The 
Mn-SOD transgene may have stimulated the activity of Cu/ 
Zn-SOD in the transgenic plants by an as-yet unknown 
mechanism, but this discrepancy may also be due to interfer- 
ente in the Mn-SOD assay. 

The herbicide acifluorfen was used to generate oxidative 
stress in a detached leaf system and to quantify the oxidative 
stress tolerance of the transgenic plants. Acifluorfen is a 
photobleaching, p-nitrodiphenylether herbicide that pro- 
motes accumulation of the Chl precursor protoporphyrin; in 
the light, this generates singlet oxygen that causes peroxida- 
tion in the tonoplast, plasmalemma, and chloroplast envelope 
(Jacobs et al., 1991). Leaves treated with 333 p~ acifluorfen 
varied in the amount of electrolyte leakage, a measure of free 
radical damage to cellular membranes (Table 11). Both 
ChlSOD transformants and one of the MitSOD transformants 
showed a significant reduction in electrolyte leakage. Al- 
though there was a dramatic reduction with the herbicide 
treatment in quantum yield, as calculated from Chl fluores- 
cence, there was no statistically significant difference among 
the plants in this experiment. It was postulated that the injury 
in this experiment was too severe to detect the small changes 
in tolerance to acifluorfen. Therefore, two transgenic plants 
and the RA3 nontransgenic control plant were subjected to a 
broad range of herbicide concentrations to more accurately 
determine their tolerance of this herbicide by comparing their 
LDs0 values (Fig. 4). Conductivity measurements for RA3- 
MitSOD-38 and RA3-ChlSOD-64 were significantly lower 
than RA3 at concentrations greater than 200 PM. According 
to the conductivity test these transgenic plants had LD50 
values of 283 and 345 p ~ ,  respectively, which were slightly 
higher than the value of 255 p~ for RA3. Chl fluorescence 
showed that acifluorfen had an LDso of 462 I.LM for RA3- 
ChlSOD-64 compared to 330 p~ for RA3-MitSOD-38 and 
the RA3. 

Four of the transgenic plants and RA3 were subjected to a 
freezing stress. The plants were propagated by cuttings, 
grown in the growth room to establish the root and crown 
system, acclimated at low temperature and short photoperiod, 
and then subjected to the freezing treatments. The relative 

Table II. Effect of the Mn-SOD transgene on electrolyte leakage 
(conductance) and photosynthetic quantum yield of transgenic 
alfalfa (M. sativa L.) after treatment with 333 UM acifluorfen 

Conductance” Quantum Yield 

Nonstressed O 0.79 
RA3 91 0.16 
RA3-MitSOD-5 96 0.23 
RA3-MitSOD-38 72’ 0.1 3 
RA3-ChlSOD-30 73’ 0.15 
RA3-C h ISO D-64 61 0.18 

~ 

a Conductance values represent t h e  difference between non- 
stressed and stressed samples. ‘ Statistically significant differ- 
ence between the stressed transgenic and RA3 at the 5% level of 
probability according to analysis of variance and a protected LSD 

test. 
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Figure 4. Effect of acifluorfen concentration on electrolyte leakage 
(conductance) and photosynthetic quantum yield of leaves from 
alfalfa (M. sativa L.) plants RA3 (A), RA3-MitSOD-38 (O), and RA3- 
ChlSOD-64 (O). The LSD at the 5% level of probability is 7.7 for 
conductance and 0.06 for quantum yield. 

stress tolerance of the plants was best quantified by shoot 
dry matter production (regrowth) after the stress treatments, 
which integrated lethal and sublethal injuries at the cellular 
level to the crown and root tissues. 

The regrowth of RA3 did not differ significantly from any 
of the transgenic plants when not subjected to stress. Analysis 
of variance of the regrowth data after freezing stress indicated 
that there were no statistically significant two- or three-way 
interactions among the freezing temperature, plant, or har- 
vest treatments; therefore, it was possible to examine the 
main effects directly. Increasing the intensity of the freezing 
stress from -8 to -16OC progressively reduced regrowth 
with an average lethal temperature causing 50% death of 
-12.5OC. The p h t s  had significantly different amounts of 
regrowth (P = 0.0016) after the freezing stress. One chloro- 
plast-targeted transformant, RA3-ChlSOD-30, produced 
more than twice the amount of regrowth averaged across a11 
intensities of freezing stress compared to RA3 (Table 111). 
Regrowth of this transgenic plant was greater than RA3 at 
every freezing temperature from -8 to -16OC (data not 
shown). Two of the three other transformants, RA3-MitSOD- 
5 and RA3-ChlSOD-64, had greater regrowth after freezing 
than RA3, but this difference was not statistically significant 
at the 5% level of probability. 

Table 111. Stress tolerances of the primary transformants of alhlfa 
(M. sativa 1.) expressing the Mn-SOD transgene 

Values for freezing represent the average shoot regrowth (mg dry 
matter per plant) after freezing to temperatures of -8 to --16"C, 
averaged over two subsequent harvests. 

Plant No Stress Freezing 

RA3 229 46 
RA3-MitSOD-5 202 73 
RA3-MitSOD-38 181 54 
RA3-ChlSOD-30 220 108" 
RA3-C hlSOD-64 182 75 

a Statistically significant difference between the  transgenic: plant 
and RA3 at the  5% level of probability according to analysis of 
variance and a protected LSD test. n = 3. 

Analysis of the F, Progeny 

To determine whether the increased tolerance of fraezing 
was due to the presence of the Mn-SOD transgene or whether 
it was due to tissue culture-induced or epigenetic variation, 
inheritance of these traits in the F1 progeny was examined. 
The primary transformant, RA3-ChlSOD-30, which was 
more tolerant of freezing, was selected. To determine the 
number of functional genetic loci that had been integrated 
into the genome of RA3-ChlSOD-30, native PAGE analysis 
of Mn-SOD isozymes in the F1 progeny was conducted (Table 
IV). Segregation ratios in the F1 progeny from RA3-Chl!<OD- 
30 X C2-3 were 29 Mn-SOD* to 39 Mn-SOD-, which 
followed the expected 1:l ratio for a one-gene insertion. A 
two-gene insertion into an autotetraploid genome, such as 
alfalfa, would be expected to give a 5:l ratio of Mn-SOD+ to 
Mn-SOD-. Reciproca1 crosses did not differ. Therefore, the 
isozyme data indicated that RA3-ChlSOD-30 had a func- 
tional Mn-SOD transgene that was transmitted to the prog- 
eny in accordance with a one-locus insertion model. 

PCR amplification of F1 plants from the cross RA3- 
ChlSOD-30 X C2-3 with primers specific for the Mn-SOD 
transgene showed that in the Mn-SOD+ plants 97% (28 of 
29) had the expected 545-bp fragment (Fig. 5, top; Table IV). 

- 
Table IV. lnheritance of the Mn-SOD transgene in the F1 progeny 
of the cross RA3-ChlSOD-30 X C2-3 according to native PACE 
analysis of Mn-SOD isozymes and PCR analysis of the Mn-SOD and 
npt-ll sequences 

Values represent the number  of plants in the tested progeny that 
had (+) or did not have (-) t h e  transgene according to each test. 

Mn-SOD npt-ll No. 1 
__ of 

lsozyme PC R PC R Plants 
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PCR amplification of DNA from these same plants with
primers for the neo gene showed that 86% (25 of 29) had the
expected 732-bp fragment (Fig. 5, bottom; Table IV). These
results confirmed the expected co-segregation of the addi-
tional Mn-SOD isozyme with the PCR fragments of the Mn-
SOD and neo transgenes.

PCR amplification of DNA from 39 FI plants from the
cross RA3-ChlSOD-30 X C2-3, which were classed as Mn-
SOD" by native PAGE, showed that 15 plants contained the
Mn-SOD transgene fragment and 24 plants did not. This
suggested that there was another independent insertion of a
nonfunctional Mn-SOD transgene in this alfalfa genome.

PCR amplification of DNA from the Mn-SOD~ plants with
primers specific for the neo gene indicated that 30 of 39 plants
that did not have MnSOD expression had the expected
amplified 732-bp fragment from the neo gene. This segrrga-
tion in the MnSOD" plants is best explained by the presence
of two additional loci. Thus, there were apparently three loci
of the neo gene and two loci (one functional and one non-
functional) of the Mn-SOD gene inserted in the genome of
RA3-ChlSOD-30. This suggested that there were three inser-
tion events: one with the full-length fragment from the left
to right border and two with partial segments, one containing
part of the Mn-SOD and the other containing only the neo
gene.

The F] progeny from the cross RA3-ChlSOD-30 X C2-3
were grouped into Mn-SOD"1" and Mn-SOD" populations
according to Mn-SOD isozyme analysis by native PAGE and

1 2 3 4 5 6 7 8 9 1 0

1 2 3 4 5 6 7 8 9 1 0

Figure 5. PCR amplification of DNA from the progeny of the cross
RA3-ChlSOD-30 x C2-3 using primers specific for the chloroplast
transit peptide sequence (CP) and an internal sequence of the Mn-
SOD cDNA (top) and primers specific for the npt-ll gene (bottom).
Lanes 1, A DNA H/ndlll/0X174 DNA Haelll digest; lanes 2, C2-3;
lanes 3, RA3-ChlSOD-30; lanes 4, pChlSOD plasmid; lanes 5, water;
lanes 6, Mn-SOD+ plant 1; lanes 7, Mn-SOD+ plant 2; lanes 8, Mn-
SOD' plant 1; lanes 9, Mn-SOD" plant 2; lanes 10, Mn-SOD~ plant
3. The arrows indicate the expected fragment.

Table V. Regrowth of two alfalfa populations differing in expression
of the Mn-SOD transgene after freezing

The progeny of the cross RA3-ChlSOD-30 X C2-3 were separated
into Mn-SOD* and Mn SOD" populations. After acclimation at 2°C
for 4 weeks, the plants were frozen to temperatures from —8 to
— 16°C and allowed to regrow for two 28-d cycles of regrowth.
Regrowth of the two populations not subjected to freezing was not
significantly different and averaged 2.58 g/plant at each cycle of
regrowth. Values are the dry weight (g) of shoot regrowth averaged
across the five freezing temperatures shown in Figure 6. LSD at 5%
level of probability is 0.36.

Cycle of Regrowth

1
2

Mn-SOD*

1.06
1.87

Mn-SOD-

0.98
1.26

subjected to freezing stress. The regrowth of plants from the
two populations did not differ significantly if they were not
subjected to stress. It should be noted that the regrowth in
this freezing test (Table V) is greater than in the previous
experiment (Table III) because the plants in this experiment
were grown from seed in large pots, whereas previously
small root trainers were used to propagate the cuttings. As
the intensity of stress increased, regrowth declined. Differ-
ences in regrowth between the populations were apparent at
-10, -12, and -14°C but not at -8 or -16°C (Fig. 6). When
averaged across all freezing temperatures from —8 to —16°C,
the Mn-SOD"1" population had an average regrowth that was
significantly (P = 0.015) greater than the Mn-SOD" popula-
tion. Therefore, the increase in freezing tolerance was co-
segregating with the Mn-SOD transgene in the F] progeny
of RA3-ChlSOD-30. Increased tolerance was more dramatic
when measured on the second cycle of regrowth (Table V).

2.5

2.0

1.5

O L O ^

0.5

Mn-SOD '

Mn-SOD

- 8 - 10 - 12 - 14 - 16
TEMPERATURE (°C)

Figure 6. Effect of freezing temperature on the regrowth of two
alfalfa (M. sativa L.) populations from the cross RA3-ChlSOD-30 x
C2-3 differing in expression of the Mn-SOD transgene. Same ex-
periment as described in Table V. Values are averaged over two
cycles of regrowth. The LSD at 5% level of probability is 0.56.
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DlSCUSSlON 

The expression of the cDNA encoding Mn-SOD from N. 
plumbaginifolia in alfalfa resulted in the presence of a nove1 
SOD isozyme in leaf extracts. This allowed the rapid screen- 
ing of a large number of primary transformants using native 
PAGE to identify plants with high expression of the Mn- 
SOD transgene i~n the presence of native Mn-SOD expression. 
We anticipated substantial variability in expression among 
the putatively independent transformants because this is 
common in trarisformation experiments (Dean et al., 1988), 
and in fact only 20 of the 73 plants exhibiting npt-I1 activity 
also exhibited EAn-SOD transgene expression. This dispro- 
portionate selection may have been due to our inability to 
detect low levels of Mn-SOD transgene expression. 

One of the transgenic alfalfa plants, RA3-ChlSOD-30, was 
particularly interesting because it had a greater total SOD 
activity in leaves, greater tolerance of the herbicide acifluor- 
fen, and greater regrowth after freezing stress than did RA3. 
The observation that tolerance of these chemical and envi- 
ronmental stresses was altered by the presence of the Mn- 
SOD transgene indicates a common involvement of activated 
oxygen in the injury response. The increased tolerance of 
freezing was heritable and co-segregated with the active Mn- 
SOD transgene, suggesting that enhanced stress tolerance 
was the result of the Mn-SOD transgene and not an artifact 
of the tissue culture process. Transgenic tobacco plants trans- 
formed with these same vectors, pMitSOD and pChlSOD, 
exhibited increased tolerance of paraquat, a superoxide-gen- 
erating herbicide (Bowler et al., 1991). 

The presence of the Mn-SOD transgene gave an increase 
in the rate of regrowth from alfalfa crowns after being 
subjected to a freezing stress. Regrowth of shoots from the 
defoliated crowns of alfalfa is due largely to the mobilization 
of carbohydrate and protein reserves from the root and 
crown. Therefore, regrowth integrates a number of processes 
related to the general health of the plant. It requires active 
apical meristems or shoot buds, an active vascular transport 
system, and viable root cells to hydrolyze the stored reserves. 
Disruption of any of these processes would be expected to 
reduce regrowth, which may explain why it is a much better 
indicator of stres!j tolerance than simply survival (Bowley and 
McKersie, 1990). The enhanced regrowth after freezing stress 
is not due to a general enhancement of vigor because there 
was no difference among the primary transformants or the 
progeny if they were not subjected to stress. 

A relationship between freezing and oxidative stresses was 
originally postu1,ated based on studies detailing the injury 
symptoms in the microsomal membranes isolated from winter 
wheat (Triticum aestivum) crowns after freezing. These bio- 
chemical and biophysical changes were simulated in vitro by 
oxygen free radical treatment (Kendall and McKersie, 1989). 
Both in situ freezing and in vitro treatment with superoxide 
increased the gel -to-liquid crystalline phase transition tem- 
perature, promoted deesterification of membrane phospho- 
lipids, and led to the accumulation of free fatty acids in the 
membrane bilayer. Also, tolerance of the free radical-gener- 
ating herbicides paraquat (Kendall and McKersie, 1989) and 
acifluorfen (G.  Bridger, D.E. Falk, and B.D. McKersie, unpub- 
lished data) increased during the acclimation of winter wheat 

seedlings to freezing stress. Although speculative, Mn-SOD 
is probably not changing the primary site that perceives the 
freezing stress. It is more likely that Mn-SOD functions to 
minimize the deleterious accumulation of activated oxygen 
that occurs as a consequence of the primary freezing injury. 
Enhanced Mn-SOD activity may enable the injury to be 
contained within a few cells, thereby preventing development 
of secondary injury and allowing repair of the primary lesion. 
This assumption is consistent with the observation that dif- 
ferences among the plants were greatest at the second cycle 
of regrowth, not the first. 

The Mn-SOD transgene in the vectors pChlSOl3 and 
pMitSOD was under the control of the cauliflower rnosaic 
virus 35s promoter. This is generally considered to be a 
constitutive promoter, but its response to low temperature 
during either acclimation or freezing is not known. Although 
this study of the transgenic Mn-SOD alfalfa suggests that 
progress might be made in the development of plantr; with 
enhanced environmental stress tolerance through the manip- 
ulation of SOD and other scavengers of activated oxygen, 
more precise regulation of these genes during acclimation 
and freezing is probably required to achieve significant ad- 
vances. We also need more information concerning the effects 
of acclimation on the activity of SOD and other free radical- 
scavenging systems in the various tissues of the alfalfa plant. 
Finally, the effects of the SOD transgene on the activity of 
other free radical-scavenging systems must be evaluatetl. The 
results presented here indicate that this detailed evaluation 
is necessary to understand the relationship between oxidative 
and freezing stress. 
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