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�-Galactosidase (�-Gal; EC 3.2.1.22) is involved in many aspects of plant metabolism, including hydrolysis of the �-1,6
linkage of raffinose oligosaccharides during deacclimation. To examine the relationship between endogenous sugars and
freezing stress, the expression of �-Gal was modified in transgenic petunia (Petunia � hybrida cv Mitchell). The tomato
(Lycopersicon esculentum) Lea-Gal gene under the control of the Figwort Mosaic Virus promoter was introduced into petunia
in the sense and antisense orientations using Agrobacterium tumefaciens-mediated transformation. RNA gel blots confirmed
that �-Gal transcripts were reduced in antisense lines compared with wild type, whereas sense plants had increased
accumulation of �-Gal mRNAs. �-Gal activity followed a similar trend, with reduced activity in antisense lines and increased
activity in all sense lines evaluated. Raffinose content of nonacclimated antisense plants increased 12- to 22-fold compared
with wild type, and 22- to 53-fold after cold acclimation. Based upon electrolyte leakage tests, freezing tolerance of the
antisense lines increased from �4°C for cold-acclimated wild-type plants to �8°C for the most tolerant antisense line.
Down-regulating �-Gal in petunia results in an increase in freezing tolerance at the whole-plant level in nonacclimated and
cold-acclimated plants, whereas overexpression of the �-Gal gene caused a decrease in endogenous raffinose and impaired
freezing tolerance. These results suggest that engineering raffinose metabolism by transformation with �-Gal provides an
additional method for improving the freezing tolerance of plants.

Many plants increase in low temperature and/or
freezing tolerance in response to low nonfreezing
temperatures, a phenomenon known as cold acclima-
tion. For decades, the study of low temperature stress
has had a primary goal of cataloging and under-
standing the biochemical and physiological changes
occurring during cold acclimation (Levitt, 1980; Guy,
1990; Thomashow, 2001). It is known that the disrup-
tion of cellular membranes, particularly the plasma
membrane, is the primary site of injury during a
freeze-thaw cycle and that this injury usually results
from dehydration associated with freezing
(Steponkus, 1984). Other consequences of freeze-
induced cellular dehydration include the generation
of reactive oxygen species that are damaging to other
cellular components (McKersie, 1991). As such,
plants have developed mechanisms to deal with
these multiple stresses.

It has long been established that changes in gene
expression occur upon exposure to cold acclimation

(Guy et al., 1985). In the last decade, extensive re-
search to identify and characterize cold-responsive
(COR) genes has been undertaken. Hajela et al. (1990)
isolated the COR genes from Arabidopsis that encode
polypeptides thought to have protective roles against
dehydration. Expression profile experiments in Arabi-
dopsis demonstrated that extensive changes in gene
expression occur during cold acclimation and that a
substantial number of the genes that are up-regulated
by the cold response are involved in metabolism
(Fowler and Thomashow, 2002; Seki et al., 2002).
Hence, equally important in understanding the mech-
anisms of low temperature stress in plants are the
products of these genes. In addition to COR gene
expression, numerous biochemical and physiological
changes occur in plants during cold acclimation and
are likely to have roles in freezing tolerance. Notable
changes include alterations in membrane composition
(Steponkus, 1984) and accumulation of compatible sol-
utes such as soluble sugars, Pro, and Gly betaine (Guy,
1990). Sugars have been shown to be effective cryo-
protectants in vitro (Carpenter and Crowe, 1988; Pen-
nycooke and Towill, 2000), and there is evidence in-
dicating a role in freezing tolerance in cold-acclimated
membranes (Sanitarius, 1973), cells (Sanitarius and
Milde, 1977), and plants (Olien and Clark, 1993; Taji et
al., 2002; Strand et al., 2003).

Raffinose family oligosaccharides (RFOs), particu-
larly raffinose, play a role in the acquisition of cold
tolerance in many plant species, including herba-
ceous (Bachmann et al., 1994; Taji et al., 2002) and
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woody plant species (Stushnoff et al., 1993). Concen-
tration of RFOs in Ajuga reptans has been shown to be
the lowest in summer and highest in fall and winter
(Bachmann et al., 1994). Raffinose accumulation in
pansies (Viola wittrockiana) has been demonstrated
during low temperature-induced cold acclimation
(Stushnoff et al., 1998). Furthermore, Arabidopsis
plants with altered rates of raffinose biosynthesis
increased accumulation of raffinose and galactinol
upon cold acclimation (Taji et al., 2002). However,
studies of deficient mutants and/or transgenics in-
volving overexpression and down-regulation of the
enzymes responsible for RFO metabolism are lim-
ited. Raffinose biosynthesis is regulated by the action
of two enzymes, galactinol synthase (GolS; catalyzes
the first committed step) and raffinose synthase. Raf-
finose degradation proceeds by the action of �-galac-
tosidase (�-Gal; EC 3.2.1.22), which catalyzes the hy-
drolytic cleavage of the terminal-linked moiety from
Gal-containing oligosaccharides.

Synthesis, degradation, and transport of soluble
sugars are thought to cooperatively control their en-
dogenous concentration in higher plants in response
to environmental conditions (Bachmann et al., 1994;
Strand et al., 2003). Understanding the control of the
enzymatic mechanism responsible for driving RFO
accumulation and degradation presents a unique op-
portunity to develop applications for producing har-
dier crop varieties. Fowler and Thomashow (2002)
reported that at least three putative GolS genes in
Arabidopsis are members of the CBF regulon,
whereas Taji et al. (2002) showed that one of these
GolS (AtGolS3) was induced in response to low tem-
perature and overexpression of CBF3/DREB1a.

We reasoned that if raffinose accumulates during
cold acclimation to induce freezing tolerance, then
down-regulating �-Gal might result in raffinose accu-
mulation and subsequent freezing tolerance in the
absence of cold acclimation. To investigate the func-
tion of �-Gal in RFO metabolism and to further eluci-
date the role of raffinose in freezing stress tolerance in
plants, we generated transgenic plants with altered
raffinose content and compared them with wild-type

plants after exposure to low temperature. The results
presented confirm �-Gal inhibition as the mode of
RFO accumulation and subsequent freezing tolerance.
Molecular and physiological evaluations of transgenic
petunia (Petunia � hybrida cv Mitchell) with the �-Gal
antisense and sense gene constructs are discussed.

RESULTS

Creation of Transgenic Lines That Overexpress and
Suppress �-Gal

The respective sense and antisense constructs (Fig.
1) were used to produce transgenic petunia plants.
Nineteen antisense and six sense independent trans-
genic lines were identified as T1 seedlings that seg-
regated 3:1 for kanamycin resistance. Of the
kanamycin-resistant rooted plantlets that were iden-
tified, the presence of the transgene and NPT II were
confirmed by PCR and NPT II enzyme-linked immu-
noabsorbant assay (data not shown). Two indepen-
dent transgenic sense lines (S3 and S7) and six inde-
pendent antisense lines (150, 149, 147, 146, 105, and
91) were selected for further analyses. Northern-blot
analysis indicated that �-Gal transcripts were re-
duced in antisense lines compared with wild type,
whereas sense plants had an increased abundance of
�-Gal transcripts (Fig. 2A). �-Gal activity assays con-
firmed that �-Gal activity had been down-regulated
in antisense lines and that overexpression of �-Gal in
sense lines resulted in increased activity (Fig. 2C).
Activity in the sense lines was three times higher
than in wild-type plants.

At 8 weeks of age, the transgenics were visually
indistinguishable from the wild-type plants. How-
ever, a striking observation from this study is that
seed germination was affected by the presence of the
transgenes indicated by a 20% to 40% decrease in
antisense seed germination and a 10% decrease in
sense seed germination after 16 d compared with
wild-type plants (data not shown).

Figure 1. Composition of sense (A) and anti-
sense (B) constructs used in transformation of
petunia. The tomato Lea-Gal gene (1,540 bp)
was placed in the antisense orientation relative
to the Figwort Mosaic virus promoter (FMV-P),
upstream of the E9 3�-terminator sequence (B).
LB and RB, Left and right borders; nptII, Spc/Str:
resistance genes encoding kanamycin and spec-
tomycin/streptomycin; 3�nos, E9 3�, terminator
sequences.
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Changes in Carbohydrate Metabolism in
Wild-Type and Transgenic Lines

Several soluble sugars were detected in wild-type
and transgenic lines, including Suc, raffinose, stachy-
ose, Glc, Fru, and Gal. Changes in individual sugar
contents, total sugar content, and starch at nonaccli-
mating or cold-acclimating temperatures are shown
in Figure 3. Suc was the main soluble sugar in wild-
type petunia plants. Raffinose was barely detectable
in nonacclimated control wild-type and sense plants,
but the inhibition of �-Gal brought about increased
raffinose content in antisense plants. Stachyose, an-
other member of the RFO family, was also increased
in antisense lines but to a lesser degree. Gal content
was relatively low in all plants, probably due to
immediate phosphorylation by a galactokinase.
These data suggest that the increase in RFO content
in antisense lines is due to �-Gal inhibition. When the
plants were cold acclimated, we noticed even further
increases in raffinose content in all lines with a 6-fold
increase in the wild-type and a 2- to 3-fold increase in
antisense lines. With the exception of wild-type
plants, there were no appreciable changes in stachy-
ose content upon cold acclimation. Suc content also
increased in cold-acclimated wild-type and sense
lines but to a lesser degree in only three antisense
lines.

Total soluble sugars in wild-type and transgenic
plants were determined under nonacclimating and
cold-acclimating conditions. The content of total sol-
uble sugars in nonacclimated antisense lines was ap-
proximately three to five times higher than those of
nonacclimated wild-type and sense lines. When
plants were cold acclimated, total soluble sugars in-
creased 6-fold in wild-type, 2- to 3-fold in antisense,
but only 1-fold in sense transgenic lines. More than

50% of the increase in total soluble sugars was due to
raffinose accumulation in cold-acclimated antisense
lines and Suc accumulation in cold-acclimated wild-
type and sense lines. Petunia leaves contained a rel-
atively small pool of starch 2 h into the photoperiod
and remained largely unchanged for nonacclimated
or cold-acclimated transgenic lines (Fig. 3).

Freezing Tolerance and Raffinose Content

Freezing tolerance was determined by electrolyte
leakage, visual observation of lesions, and by assess-
ing the ability to regenerate new growth. The levels
of freezing tolerance varied among antisense lines,
with 149 and 105 being the most tolerant and 91
being the least tolerant (Fig. 4A). With the exception
of 91, all antisense lines were significantly more
freezing tolerant than wild type (P � 0.05). In con-
trast, sense lines showed impaired increase in freez-
ing tolerance. When plants were grown under cold-
acclimating conditions, there were increases in
tolerance in antisense lines and to a lower extent in
wild-type but not in sense lines (Fig. 4B). Tolerance
levels averaged �5°C in cold-acclimated wild-type
and �3°C in cold-acclimated sense lines, whereas
they ranged from �6°C to �8°C in cold-acclimated
antisense lines. Thus, antisense lines tolerated tem-
peratures that were 3°C to 5°C lower than those
tolerated by wild-type and sense lines.

The pattern of freezing injury and ability to recover
from damage were monitored on whole plants for 1
week after removal from the freezing stress. As
shown in Figure 5A, the top portion of the shoots
clearly sustained more injury than the bottom one-
half of the shoots. Lesions on individual leaves began
from the tip of the leaf and progressed toward the

Figure 2. Northern-blot analysis of total RNA
isolated from wild-type, sense (S3 and S7), and
antisense (150–91) lines (A). Ten micrograms of
total RNA was separated by electrophoresis
through agarose and was hybridized with an
�-32P-labeled tomato Lea-Gal probe. Ribosomal
RNA stained with ethidium bromide was used as
a loading control (B). �-Gal activity in wild-
type, sense, and antisense lines (C).
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petiole. Only antisense lines produced new auxiliary
buds after damage to the shoot tip. Wild-type and
sense lines never recovered and subsequently died.
On a rating of 0 to 10 (0, no injury; 10, dead), nonac-
climated antisense lines fell in the range of 1 to 6,
whereas nonacclimated wild-type and sense lines
were rated at 9 and 10, respectively. When plants
were cold acclimated, the gradation of freezing injury
from top to bottom was less evident in all antisense
lines except 91, but remained unchanged in wild-
type and sense lines (Fig. 5B).

At 2 h into the photoperiod, sink tissues of nonac-
climated wild-type and T2 plants contained signifi-
cantly less raffinose than source tissues of the same
plants (P � 0.05; Table I). When plants were cold
acclimated, there was a significant shift in raffinose

content from larger leaves to younger leaves in all
antisense lines except 91, but not in wild-type and
sense lines (P � 0.05).

To examine the relationship of raffinose to freezing
tolerance, we plotted the changes in electrolyte leak-
age against the raffinose content present in sink
leaves at the time the plants were subjected to the
freezing test (Table II). There was a significant corre-
lation between the temperature at which 50% of elec-
trolytes were released from the plant tissue (TEL50)
estimated from electrolyte leakage curves and raffin-
ose content in nonacclimated antisense lines (P �
0.05), but little or no correlation was observed in
nonacclimated wild-type (r � 0.2397) or sense lines
(r � 0.5190 and 0.6142, respectively). Differences in
maximum level of freezing tolerance between anti-

Figure 3. Carbohydrate content in wild-type,
sense (S3 and S7), and antisense (150–91) lines
2 h into the photoperiod. Sugar content was
determined by HPLC-pulsed amperometric de-
tection. Data are from two replicated experi-
ments with three replicates for each genotype.
Bars represent the mean � SEM; n � 6; nonac-
climated (white bars); cold-acclimated (black
bars): 15°C for 7 d, 10°C for 7 d, 5°C for 7 d, and
3°C for 3 d. Starch was determined enzymati-
cally and is estimated as micromoles of Glu per
gram of dry weight.
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sense and sense lines were more closely related to the
capacity of plants to accumulate raffinose than their
capacity to accumulate Suc (data not shown).

DISCUSSION

Compelling evidence in the literature supports the
hypothesis that soluble sugars function in part to
enhance stress tolerance in cold-hardy plants (Bach-
mann et al., 1994; Strand et al., 2003). We have fo-
cused on raffinose, which is one member of the RFO
family, and have studied its potential role in freezing
tolerance by taking a reverse genetics approach in a
relatively freezing-sensitive plant. In recent years,
researchers have isolated and manipulated key genes
involved in the biosynthetic pathway of sugars
mostly raffinose and Suc (Taji et al., 2002; Strand et
al., 2003). Others have used mutants to study freez-
ing sensitivity resulting from sugar deficiencies (Ue-
mura et al., 2003). Cold-inducible raffinose accumu-
lation is caused by the activation of raffinose
biosynthesis and the inactivation of raffinose hydro-
lysis (Bachmann et al., 1994; Castonguay and

Nadeau, 1998). We know that the �-Gal gene is con-
stitutively expressed in petunia, with 88% nucleotide
homology to that of the tomato (Lycopersicon esculen-
tum) �-Gal (Pennycooke et al., 2003). In view of this
observation, we tested the hypothesis that raffinose is
protective against freezing stress by generating trans-
genic petunia plants with a tomato Lea-Gal gene and
compared these with wild-type plants after exposure
to low temperature. Our results demonstrated that
altering rates of raffinose synthesis can imitate (anti-
sense transgenics) or attenuate (sense transgenics)
the cold acclimation responses and strongly influence
the development of freezing tolerance.

Under nonacclimating conditions, the raffinose
content in antisense lines was about 12 to 22 times
higher than that of control wild-type plants. Upon
cold acclimation, the raffinose content in antisense
lines increased further (about 2- to 3-fold). In such a
highly concentrated RFO environment, these oligo-
saccharides may interact with membrane phospho-
lipids and proteins to stabilize their structures as
water is removed during freezing. Although also
contributing to the stabilization of membranes and
proteins, RFO are also thought to enhance the ability
of Suc to promote glass formation at low moisture
contents and extremely low temperatures by pre-
venting Suc from forming ice as water is removed.
The extremely high viscosity of the glassy state pre-
vents membrane fusion and retards the rates of
chemical reactions that can lead to tissue deteriora-
tion (Pennycooke and Towill, 2001).

The concentration of Suc compared with that of
raffinose or stachyose in nonacclimated and cold-
acclimated wild-type plants suggest that Suc is the
dominant transport sugar in petunia. The total solu-
ble sugar content increased significantly when the

Figure 4. Effect of �-Gal expression and suppression on whole-plant
freezing tolerance as indicated by TEL50 values in nonacclimated (A)
and cold-acclimated plants (B). Sense lines (S3 and S7); antisense
lines (150–91). Cold acclimation consisted of 15°C for 7 d, 10°C for
7 d, 5°C for 7 d, and 3°C for 3 d. Plants were frozen at a rate of 1°C
h�1 to �8°C. Three leaves were drawn from the top portions of two
separate plants for each genotype at the temperatures indicated
above and were tested for electrolyte leakage as described in “Ma-
terials and Methods.”

Figure 5. Phenotype of wild-type, sense (S3 and S7), and antisense
(150–91) plants 1 week after freezing stress. A, Nonacclimated; B,
cold-acclimated at 15°C for 7 d, 10°C for 7 d, 5°C for 7 d, and 3°C
for 3 d. Two plants per genotype were frozen at a rate of 1°C h�1 to
�8°C (only one was photographed). After the freezing stress, three
leaves were drawn from the top portions of the two separate plants
for each genotype at specific temperatures and were tested for elec-
trolyte leakage. Plants were incubated at 4°C overnight and were
then placed at 22°C for 1 week. The tips of all plants fell off 2 d after
freezing. Full damage is not apparent in B: 149, 105, 147, and 150
due to sampling for electrolyte leakage and abscission due to injury.
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plants were in the acclimated state. Similarly, in Ara-
bidopsis there is a strong up-regulation of transcripts
and enzyme activity for sugar biosynthesis at low
temperatures (Strand et al., 2003). Such an accumu-
lation may serve a dual role in storing carbon and
providing cryoprotectants. On the other hand, starch
accumulation remained unchanged in wild-type and
transgenic plants during cold acclimation. Starch
synthesis is relatively sensitive to cool temperature
(Pollock et al., 1983), and as a result, alternative forms
of carbohydrate storage are required for plants that
continue to grow during cooler months. In the anti-
sense lines, 50% or more of the increase in total
soluble sugar content was due to the increase in
raffinose compared with wild type, in which case Suc
contributed more than 50%. Stachyose was detected
at relatively low levels in wild-type plants but in-
creased significantly when the plants were cold ac-
climated although less than raffinose. Similarly, in
cold-treated AtGolS2 (encoding galactinol synthase)
overexpressing transgenic Arabidopsis, large
amounts of raffinose but not stachyose were detected
(Taji et al., 2002). However, in the frost hardy A.
reptans, stachyose was by far the most dominant form
of RFO (Bachmann et al., 1994). It is possible that
stachyose could also play a role in developing some

freezing tolerance in petunia considering that it was
blocked in the freezing-sensitive sense plants. The
possibility must be considered that the lack of sugar
accumulation might be responsible for the freezing
tolerance deficiency of the sense plants. Uemura et al.
(2003) showed that the sugar deficiency of sfr4 cells
during cold acclimation was largely responsible for
the impaired increase in freezing tolerance but sup-
plementation of sfr4 plants with Suc at 2°C restored
the freezing tolerance of the sfr4 mutant to a level
shown by wild type after conventional cold
acclimation.

Freezing stress tolerance was predicted based on
the relationship between raffinose accumulation and
decreased electrolyte leakage. Although Suc made up
more than 50% (w/w) of the increase in total soluble
sugars in cold-acclimated wild type, there was no
significant correlation between Suc accumulation
and TEL50 values in wild-type plants (data not
shown). This suggests that raffinose and/or a com-
bination of raffinose and Suc was partly responsible
for inducing freezing tolerance in petunia. It is im-
portant to note that the raffinose content in nonaccli-
mated antisense lines was about 3-fold higher than
that in cold-acclimated wild-type plants, yet the
freezing tolerances were similar. Also, the freezing
tolerance of cold-acclimated antisense line 150 was
greater than that of the nonacclimated plant despite
similar raffinose levels. Collectively, these results
suggest that there may be some interaction with raf-
finose and other mechanisms that occur upon cold
acclimation, or that a threshold level is sufficient to
induce a response. In addition to a cryoprotective
role, raffinose is probably also important for provid-
ing energy for other critical mechanisms of freezing
tolerance such as the synthesis of specific stress tol-
erance proteins and lipid changes. As would be ex-
pected from a quantitative trait such as freezing tol-

Table I. Raffinose content in nonacclimated and cold-acclimated
sink and source leaves of wild-type and transgenic petunia lines

Treatment Genotype
Raffinose Content

Sink leaves Source leaves

�mol g�1 dry weight

Nonacclimated WT 0.23 � 0.18 0.53 � 0.11
S3 0.22 � 0.17 0.46 � 0.13
S7 0.23 � 0.18 0.50 � 0.11

150 16.69 � 0.29 19.87 � 0.36
149 18.47 � 0.62 24.98 � 0.42
147 16.39 � 0.64 22.54 � 0.34
146 15.22 � 0.68 18.98 � 0.22
105 21.78 � 0.43 26.67 � 0.32
91 12.23 � 0.46 15.46 � 0.23

Cold acclimated WT 5.91 � 0.82 5.00 � 0.88
S3 0.71 � 0.10 0.66 � 0.21
S7 0.70 � 0.12 0.77 � 0.67

150 24.30 � 0.26 22.97 � 0.55
149 52.34 � 0.23 50.46 � 0.13
147 35.60 � 1.15 33.77 � 0.82
146 26.84 � 1.02 23.41 � 0.57
105 52.25 � 0.62 49.89 � 0.66
91 21.28 � 0.52 20.54 � 0.35

Sense lines (S3 and S7); antisense lines (150, 149, 147, 146, 105,
and 91).

Petunia plants were nonacclimated (22°C, 16/8-h photoperiod) or
gradually cold acclimated from 15°C to 3°C, 12/12-h photoperiod for
24 d. Sink leaves (�2 cm2) from the top one-half of the plants and
source leaves (�4.5 cm2) from the bottom one-half of the plants were
sampled 2 h into the photoperiod. Raffinose content was determined
by HPLC-PAD. Data are from two replicated experiments with three
replicates for each genotype.

Values are mean � SEM; n � 6.

Table II. Pearson’s correlation coefficient between raffinose con-
tent and electrolyte leakage in wild-type and transgenic petunia
lines

Genotype
Correlation Coefficienta

Nonacclimated Cold acclimated

pb

Wild type 0.2397 (0.64) 0.8712 (0.002)
S3 0.5190 (0.29) 0.6167 (0.26)
S7 0.6142 (0.11) 0.6190 (0.25)
150 0.8848 (0.02) 0.8987 (0.02)
149 0.7541 (0.01) (0.9234) (0.003)
147 0.7102 (0.02) 0.8245 (0.04)
146 0.851 (0.03) 0.8657 (0.03)
105 0.9083 (0.01) 0.9245 (0.002)
91 0.703 (0.09) 0.7761 (0.05)

Sense lines (S3 and S7); antisense lines (150, 149, 147, 146, 105,
and 91).

a Correlation coefficient was calculated from six reps of sugar
content and electrolyte leakage data using SAS software (Cary, NC).

b Values � 0.05 are significant at P � 0.05.
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erance, different factors may come into play at
different times during the development and mainte-
nance of freezing tolerance.

The data presented here suggest that modifying the
endogenous raffinose levels by gene manipulation
had a significant effect on freezing tolerance in com-
parison with a cold-acclimation treatment alone.
Consistent with the findings of Yelenosky and Guy
(1989), wild-type petunia plants increased in freezing
tolerance upon cold acclimation (by 1°C). In our
study, cold-acclimated antisense transgenic lines
ranged from a 3°C to 6°C increase in freezing toler-
ance. Similarly, Taji et al. (2002) demonstrated that
overexpression of AtGolS2 in transgenic Arabidopsis
caused an increase in endogenous galactinol and raf-
finose and improved cold and drought tolerance. The
rationale behind using transgenic studies rather than
cold acclimation treatments alone to evaluate freez-
ing tolerance is that an inherent genetic factor is more
stable than an environmental factor that could intro-
duce variables in the experiment and might invali-
date evaluation of true cold hardiness.

Wild-type and transgenic lines were able to cold
acclimate when subjected to a gradual low tempera-
ture exposure from 15°C to 3°C. When petunia plants
were exposed directly to 5°C, chilling injury was
observed (data not shown). This suggests that the 5°C
cold acclimation regime may have initially caused
injury that impeded acclimation at the onset. Al-
though Yelenosky and Guy (1989) reported that pe-
tunia cold acclimated but lacks the capacity to further
increase in freezing tolerance after cold acclimation
at 5°C for 7 d, we found that the development of cold
tolerance in petunia progressed slowly, requiring
18 d of progressive acclimation to attain a steady
level of cold tolerance. The cellular changes that en-
able the plant to endure low temperature stress are
likely to develop very gradually. In contrast, cold
acclimation in Arabidopsis (Gilmour et al., 1988) and
spinach (Spinacia oleracea; Yelenosky and Guy, 1989)
progresses rapidly.

It is essential to have a reliable screening method to
measure the development of freezing tolerance in
plants. In addition to electrolyte leakage data, we
looked at the pattern of freezing injury and the ability
of the plants to repair damage and resume normal
growth. The observation that injury in the nonaccli-
mated plants was progressively worse from the top
of the shoot toward the base was interesting and may
reflect a freezing injury gradient related to tissue
maturity. Carbohydrate profiles in leaves vary dur-
ing development. Our data revealed that nonaccli-
mated young leaves (sinks) already contained raffin-
ose and concentrations increased with increasing leaf
age (source). This observation may explain the un-
characteristic freezing sensitivity in nonacclimated
sink tissues relative to source tissues. In contrast, a
change in the partitioning of raffinose was observed
when the plants were cold acclimated whereby anti-

sense sink leaves accumulated more raffinose than
source leaves. Collectively, these results indicated
that cold acclimation influenced younger leaves more
than older ones, shifting the transition in cold-
acclimated leaves toward younger tissue compared
with nonacclimated leaves. Although our test condi-
tions did not permit monitoring temperature differ-
ences within plants, others have noted that substan-
tial differences in temperature occur within a given
plant under freezing conditions in the field (Ren-
quist, 1985). The shoot is a highly heterogenous struc-
ture, therefore, different freezing processes can occur
in areas less than a few millimeters apart (Levitt,
1980). Whether this was related to the temperature at
which freezing occurred and subsequent rates of ice
propagation or due to inherent levels of cold hardi-
ness was not determined.

In this study, the combination of molecular and
physiological approaches demonstrated the role of
raffinose in low temperature stress. Through anti-
sense technology, �-Gal was shown to be an essential
component of the cold hardiness pathway by provid-
ing a direct route to modify raffinose accumulation in
target tissues needed for freezing stress tolerance. It
was demonstrated that down-regulation of �-Gal in
petunia is sufficient to decrease electrolyte leakage
and subsequently confer tolerance to freezing stress.
The lack of sugar accumulation in the sense lines is
closely related to increased electrolyte leakage and
impairment of freezing tolerance. Freezing tempera-
tures often cause severe losses in agricultural produc-
tivity. Although traditional breeding approaches
have met with limited success in improving the freez-
ing tolerance of economic crops, biotechnology may
offer new strategies. Late spring freezes can cause
substantial damage to plants like petunias because
they are less cold tolerant and lack rapid acclimation
response mechanisms compared with other species
that can tolerate ice in their tissues such as the Bras-
sicas and spinach. Although fall conditions with
shorter days and cooler temperatures may trigger
some acclimation, there is substantial room for im-
provement to extend the season. This information
has potential practical implications by possibly ex-
tending the growing season of petunia, permitting
earlier spring planting and later fall production when
frost injury is most likely. The �-Gal gene, which was
targeted here, is not limited to petunia and thus may
provide a means of improving the freezing tolerance
of other economic crops.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Sterile seeds of petunia (Petunia � hybrida cv Mitchell) were germinated
on solid modified Murashige and Skoog basal medium (one-half strength of
ammonium nitrate and potassium nitrate, termed one-half Murashige and
Skoog medium) containing 3% (w/v) Suc and 0.8% (w/v) agar at pH 5.8.
Seeds were germinated in Magenta boxes and were incubated at 22°C day,
20°C night, with a 16/8-h photoperiod under cool-white fluorescent light at
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60 �mol m�2 s�1. Two-week-old agar-grown seedlings were transferred to
potting medium (4P mix; Fafard, Agawam, MA) and were gradually accli-
mated before being transferred to 12-cm pots maintained in a greenhouse
under controlled-environment conditions: day/night temperature regime of
22°C/20°C; cool-white fluorescent light at 150 �mol m�2 s�1; and a 16-h
photoperiod. Supplemental lighting was provided during the winter
months by 430 W Agro Sun Lamps (Denver).

Constructs and Plant Transformation

The tomato Lea-Gal (Lycopersicon esculentum) cDNA (GenBank accession
no. AF191823; Feurtado et al., 2001) in the phagemid vector pBK-CMV was
obtained from Prof. J. Derek Bewley (University of Guelph). For the sense
construct, the 1,540-bp BamH I/XhoI fragment from the Lea-Gal clone was
inserted into the corresponding sites of pBluescript. The XbaI/KpnI frag-
ment from the resultant construct was inserted into the XbaI and SmaI sites
of the transformation vector pMON981 obtained from (Monsanto, St. Louis).
For the antisense construct, the 5� BamH I/XbaI 3� 1,540-bp fragment was
ligated in the inverted orientation into the 5� XbaI/BamH I 3� sites of
pMON981. The respective sense and antisense constructs (Fig. 1), which
contained the Lea-Gal coding sequence under the control of the FMV-P, were
introduced into Agrobacterium tumefaciens LBA4404 and used to produce
transgenic petunia plants using a modified leaf disc cocultivation protocol
of Jorgensen et al. (1996). Transformed seedlings were selected on the basis
of kanamycin resistance, and the rooted plantlets were further screened by
PCR of the �-Gal gene and enzyme-linked immunoabsorbant assay (Patho-
Screen kit for NPT II; Agdia Inc., Elkhart, IN). T2 plants were used for
subsequent analyses.

RNA Extraction and Northern-Blot Analysis

Total RNA was extracted from leaves of 8-week-old wild-type and trans-
genic plants using the TRIZOL reagent according to the manufacturer’s
recommendations (Invitrogen, Carlsbad, CA). Ten micrograms of total RNA
was separated by electrophoresis on a 1% (w/v) agarose gel containing 2.2
m formaldehyde and blotted onto Nytran membranes (Schleicher & Schuell,
Keene, NH). The membrane was probed with 106 cpm mL�1 32P-labeled
Lea-Gal cDNA. Hybridizations and washes were performed as described by
Jones et al. (1995).

�-Gal Extraction and Activity Assay

The extraction of �-Gal was performed as described by Smart and Pharr
(1980). The resulting �-Gal was assayed using p-nitrophenyl-�-d-
galactopyranoside (PNPG). Assay mixtures contained 100 �L of enzyme in
400 �L of McIlvaine buffer (pH 6.0; McIlvaine, 1921) at 30°C. The reaction
was started by adding 100 �L of 30 mm PNPG and was terminated after 20
min by adding 2.4 mL of 5% (w/v) Na2CO3. Blanks were prepared by
adding enzyme after Na2CO3. Absorbance was read at 400 nm and for
quantifying enzyme activity; the amount of p-nitrophenol released was
calculated using a molar extinction coefficient of 1.83 � 104 m�1 cm�1. One
unit of enzyme activity was defined as one micromole of PNPG hydrolyzed
per minute. Total protein was estimated by the Lowry method using bovine
serum albumin as the standard (Lowry et al., 1951).

Carbohydrate Analyses

For total soluble sugars and starch analyses, leaf tissues were sampled 2 h
into the photoperiod from all stages of leaf development from 8-week-old
plants. Samples from each plant were pooled together and were immedi-
ately drenched in liquid nitrogen. Total soluble sugars were extracted from
lyophilized leaf tissue (5 mg) in 5 mL of 80% (v/v) ethanol at 90°C for 20
min. Samples were centrifuged at 1,000 rpm for 2 min and the supernatant
was collected. A total of three rounds of the hot ethanol and centrifugation
steps were performed. The supernatants of these samples were pooled and
evaporated to dryness under nitrogen gas overnight at room temperature.
The samples were resuspended in 5 mL of deionized water and were filtered
through a 0.22-�m filter membrane. Cell extracts were analyzed by HPLC
(Dionex, Sunnyvale, CA) equipped with a CarboPac PA 10 column and

pulsed amperometric detection system. Two separate experiments were
conducted and each treatment was replicated three times.

Starch was measured in the residue as described by Haissig and Dickson
(zharv1979) with slight modifications. The starch was gelatinized in 100 mm
sodium acetate buffer (pH 4.5) at 95°C for 1 h followed by hydrolysis with
amyloglucosidase enzyme (Sigma A7420; Sigma, St. Louis) at 45°C for 16 h.
The reaction was terminated by incubating at 95°C for 20 min. Starch was
determined spectrophotometrically by reference to a Glc standard curve.

To test the correlation of raffinose content and freezing tolerance, sam-
ples were collected 2 h into the photoperiod from sink leaves (approximate-
ly 2 cm2) located at the top one-half of the plants and source leaves
(approximately 4.5 cm2) located at the bottom one-half of the plants. The
transition from sink to source is defined by a shift from 25% expansion
(sink) to 40% to 50% expansion (source; Taiz and Zeiger, 2002). Samples
were prepared in the same manner and analyzed for raffinose content as
described for soluble sugar content.

Freezing Tolerance Studies

Eight-week-old wild-type and T2 transgenic plants were used to evaluate
freezing tolerance. Plants of each type were divided into two groups. Plants
in one group were used to measure freezing tolerance without cold accli-
mation and were maintained at 22°C with a 16/8-h photoperiod. Plants in
the other group were transferred to a cold-acclimation chamber with a
gradual exposure at 15°C for 7 d, 10°C for 7 d, 5°C for 7 d, and 3°C for 3 d
with a 12-h photoperiod. Whole plants were used to evaluate freezing
tolerance and were placed in a programmable freezer (Tenney Jr.; Lunaire,
Williamsport, PA). It has long been suggested that roots are more suscep-
tible to freezing injury than shoots (Chen et al., 1983). As such, Styrofoam
chips were added to the pots to protect the root crowns. To initiate extra-
cellular ice nucleation, the plants were misted with 0°C tap water and were
kept at �1°C for an additional 3 h before lowering the temperature at a rate
of 1°C h�1 to various temperatures (lowest temperature, �9°C) and each
temperature was held for 30 min. Sink leaves (approximately 2 cm2) were
sampled from the top portion of the plants at predetermined temperatures
and were held at 4°C overnight for electrolyte leakage tests. Whole plants
were monitored for 1 week at 22°C, and freezing injury lesions and the
ability to recover were evaluated.

Freezing injury was determined by electrolyte leakage, which provides a
good estimate of cell damage. This was expressed as TEL50 (Webb et al.,
1994). To determine electrolyte leakage, leaf discs (5 mm in diameter) were
immersed in individual cells of a leakage tray of a 100-well ASAC seed
analyzer (Neogen, East Lansing, MI) containing 2 mL of deionized water,
previously tested to read 0 conductivity. After the conductivity of the
exosmosed solution was measured (T1), the leaf discs were frozen at �80°C
overnight and were thawed at room temperature (22°C) to destroy com-
partmentalization so that total potential leakage (T2) could be determined.
Relative percentage of injury represents the mean leakage as a percentage of
the mean total leakage from frozen-killed samples (T1/T2 � 100). Sampling
for this freezing assay included three leaves from two separate plants for
each genotype.
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