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Abstract

The ability of most higher plants to withstand freezing can be enhanced by cold acclimation, although
the freezing tolerance of plant tissues is also affected by their developmental stage. In addition, low
temperature has pleiotropic effects on many plant developmental processes such as vernalization. The
interaction between plant development and low temperature implies that some genes are regulated by
both environmental factors and developmental cues. Although a number of cold-inducible genes from
plants have been identified, information concerning their regulation during plant development is limited.
In order to understand their developmental regulation and obtain possible clues as to function, the
promoters of kinl and cor6.6, two cold- and abscisic acid (ABA)-regulated genes from Arabidopsis
thaliana, were fused to the S-glucuronidase (GUS)-coding sequence and the resulting constructs were
used to transform tobacco and A. thaliana. Transgenic plants with either the kinl or cor6.6 promoter
showed strong GUS expression in pollen, developing seeds, trichomes and, most interestingly, in guard
cells. During pollen development, maximum GUS activity was found in mature pollen. In contrast, the
maximum GUS activity during seed development was during early embryogenesis. These patterns of
expression distinguish kinl and cor6.6 from related lea genes which are strongly expressed during late
embryogenesis. There was no major qualitative difference in patterns of GUS expression between kinl
and cor6.6 promoters and the results were similar for transgenic tobacco and Arabidopsis. Considering
the results described, as well as those in an accompanying paper (Wang et al., 1995, Plant Mol Biol 28:
605-617 (this issue), we suggest that osmotic potential might be a major factor in regulating the expres-
sion of kinl and cor6.6 during several developmental processes. The implication of the results for pos-
sible function of the gene products is discussed.

Introduction growth and development of plants. Low tempera-

ture slows growth and acts as a ‘switch’ during
Temperature is one of the most important envi- developmental processes such as vernalization,
ronmental factors influencing the physiology, seed dormancy, bud dormancy (of trees), devel-
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opment of underground storage organs and ther-
moperiodism. Since temperature extremes can
be damaging, plants have developed adaptive
mechanisms to tolerate substantial temperature
variation. For example, through cold acclimation,
many plants are able to increase their cold toler-
ance upon exposure to a low, non-damaging tem-
perature. Although these processes have been
studied intensively, the molecular events involved
remain poorly understood.

As first steps toward understanding the mo-
lecular mechanism of cold acclimation, a number
of cold-inducible genes have been identified in
recent years, particularly in Arabidopsis thaliana
[18, 28]. In previous studies the regulation of
cold-inducible genes by environmental factors
such as low temperature, absciscic acid (ABA)
and dehydration has been addressed. Less atten-
tion has been paid to their expression during nor-
mal (unstressed) plant development. Studies on
the developmental regulation of cold-inducible
genes are important for several reasons. First,
they may help reveal how environmental condi-
tions interract with developmental processes.
Second, the functions of most cold-induced genes
remain elusive. Studies of developmental expres-
sion should provide clues to function since genes
are expressed where and when they are required.
Third, if some of these genes are to be expressed
in heterologous plants for increasing cold toler-
ance or other purposes, developmental expres-
sion should be fully characterized.

Among cold-inducible genes from Arabidopsis,
there are now at least three cases where two ho-
mologous genes are present tandemly in the ge-
nome (see references in [32]). One such a pair
consists of the genes kinl and cor6.6 [9, 15, 16],
which are transcriptionally induced by low tem-
perature as well as ABA and drought. To under-
stand the developmental regulation of cold induc-
ible genes and possible differential expression
between the members of the same family, we have
cloned a 5.3 kb genomic fragment covering both
kinl, cor6.6 and their respective 5’ sequences
[31]. The 1.4kb 5’ -regulatory regions of both
genes were fused to the f-glucuronidase (GUS)-
coding sequence and analysed in transgenic to-

bacco and A. thaliana. Here we characterize
patterns of expression during development of un-
stressed plants. Most of the detailed analyses
were performed with transgenic tobacco since its
large size and long life-cycle facilitated analysis of
tissue- and development-specific expression.

Materials and methods
Constructs and plant transformation

The binary vector constructs containing either
kinl or cor6.6 promoter fused to the f-glu-
curonidase (GUS)-coding sequence and trans-
formation of tobacco and Arabidopsis using these
constructs were described as in Wang et al. ([32],
constructs shown in Fig. 3). The transformants
were transferred to soil in pots and maintained in
a greenhouse. Most analyses were performed with
two representative plants from each construct
with medium to high levels of GUS activity in
leaves. They were: for pHW111, plants 5 and 8;
for pHW112, plants 7 and 30; for pHW113, plants
8 and 13; and for pBI121, plants 9 and 26. Plants
from the same construct all showed similar pat-
terns of expression.

Quantitation of GUS activity

GUS activity was quantified using fluorometry
[13]. Tissues from sources described below were
ground in the extraction buffer using disposable
plastic tubes and pestles. In addition, 20 mM
DTT was included in the extraction buffer for
preparing samples from developing seeds to pre-
vent oxidative browning of early-developing seeds
(5-10 days after flowering, DAF). The super-
natant after two centrifugations was used for
GUS assay following the procedure described
[13] and for determining protein concentration
[5] (using a protein assay kit from BioRad, Mis-
sissauga, Ont.). GUS activity was expressed as
pmol MU (4-methylumbelliferone) per milligram
protein per minute.

Leaf extracts were prepared from leaves of 15—
20 cm length unless stated otherwise. Two discs
were punched out using the lids of 1.5 ml Eppen-



dorf tubes at neighbouring positions at the center
of the leaf and ground with sand in 400 ul extrac-
tion buffer. As plants were flowering, mature
flowers were excised with a scalpel and were
separated into following parts: sepal, petal, an-
ther, stamen filament, stigma and pistil, and
ovary. Extracts were prepared from these parts as
for leaves. Extracts from anthers were prepared
by thorough grinding without sand. Stem and root
samples were prepared after seeds had been col-
lected from these plants. Thus plants were several
months older. For stem samples, all the major
shoots were removed first and the regenerating
secondary shoots were used. Extracts were pre-
pared from stem sections about 7-12 mm in di-
ameter. Root 1 samples came from roots excised
from the plants and soil carefully removed. For
root 2 samples, most roots were removed first
and, two weeks later, the fresh regenerating roots
were used for preparing the extracts.

For determining the GUS activity in the epi-
dermis, the extract was prepared from strips from
the lower epidermis of a leaf. At the same time an
extract was also prepared from discs adjacent to
the site of epidermal sampling on the same leaf,
For analysing expression during seed develop-
ment in tobacco, flowers were tagged at anthesis.
The fruits between 5-30 DAF were removed and
seeds detached for preparing extracts. For pre-
paring extracts from seedlings, the cotyledons or
first leaves from 16—20 seedlings were randomly
collected.

Histochemical localization of GUS activity

GUS activity was histochemically stained follow-
ing the method as described [13] using 5-bromo-
4-chloro-3-indolyl glucuronidase (X-gluc) as the
substrate. Fresh tissues, or tissues fixed with
0.2% formaldehyde in 100 mM phosphate buffer
(pH 7.0) for 20-25 min, were placed in the stain-
ing solution consisting of 1 mg/ml X-gluc, 100
mM phosphate pH 7.0, 0.5 mM K;[Fe(CN)],
0.5mM K,[Fe(CN);], 10 mM Na,EDTA and
0.02% Triton X-100, and processed in 24-well
tissue culture plates. Tissues were infiltrated
under partial vacuum (50-64 cm Hg) for 10 min,
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followed by slow vacuum release and subsequent
incubation at 37 °C. For comparative analysis
the conditions (e.g. incubation time) were Kept
the same for different treatments. After the stain-
ing, tissues were sometimes cleared with 709
ethanol.

Most tissues were taken from pot-growing
plants and used directly in the staining. In addi-
tion, for analysing GUS activity during polien
development, anthers were excised, placed in a
tube containing a solution of 13%, sucrose in
100 mM phosphate buffer and the pollen squeezed
out of anthers with a plastic pestle. The pollen
suspension was transferred into a conical tube
and centrifuged for 2—-3 min at 70-90 x g. Before
staining, some samples were fixed with 1-1.5 ml
of fixative consisting of 0.29%, formaldehyde and
0.1, Triton X-100 in 0.1 M phosphate buffer for
25 min, followed by two washes with 139 su-
crose in phosphate buffer. For in vitro germina-
tion experiments, pollen grains were collected
from flowers at anthesis and germinated at 24 °C
in the dark on glass slides coated with a germi-
nation medium consisting of 3 mM H;BO;,
1.7 mM Ca(NO,),, 10%, sucrose and 0.7Y%, agar
pH 5.8 [4]. For cryosectioning, tissues were fro-
zen in TissueTekII (Sigma) and were cut into
20 ym sections. Stained sections were mounted
m 509 glycerol. Seedlings were germinated on
solidified medium in Petri plates. Some roots were
also generated from excised tobacco shoot stalks
submerged in Hoagland’s solution.

Microscopy

Micrographs were taken with either a Wild Heer-
brugg dissecting microscope or a Leitz Orthoplan
microscope equipped with interference contrast
optics.

Results

General survey of GUS activity

Transgenic tobacco plants were obtained from
the following constructs with promoter-GUS
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fusions: pHW111 containing the kin! pro-
moter; pHW112 containing the cor6.6 promoter;
pHW113 containing the cor6.6 promoter with a
45bp deletion of the untranslated leader se-
quence; pBI121 (positive control) containing a
caulifiower mosaic virus (CaMV) 35S promoter-
GUS fusion and pBI101.2 (negative control) a
promoterless GUS construct. The temporal and
spatial expression patterns during plant develop-
ment were examined by histochemical localiza-
tion and quantitative analysis of GUS activity in
different organs (parts) in the absence of external
stresses. Results of a general comparison are
shown in Fig. 1 (developing seeds or fruits were
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not included). It was evident that most organs
(or floral parts) of pHW (construct-containing)
plants showed GUS activity aithough the level
varied significantly. The overall pattern of expres-
sion for all pHW plants was clearly different from
that of pBI121 plants directed by the CaMV 35S
promoter, indicating that the specificity of GUS
activity in pHW plants was due to kinl or cor6.6
promoter. More specifically, the kinl and cor6.6
promoter-GUS fusions showed strong expression
in anther as well as in developing seeds (shown
later) but lacked expression in ovary, relative to
the 35S promoter-GUS fusion. In addition, all
organs (tissues) from pBI101.2 plants exhibited

TISSUES

Fig. 1. General survey of GUS activity in different organs and floral parts of R, transgenic tobacco plants. Data are from repre-
sentative plants based on similar magnitudes of GUS expression in leaves. The average (from 3 or more leaves) GUS activity was
(in pmol MU per mg protein per minute): 560 for pHW111 and about 1100 for other plants. Extracts were prepared from vari-
ous sources of individual transgenic plants and used for GUS and protein assays. In most cases two or more samples were ob-
tained (the standard deviation given on top of the bar). Leaf samples were prepared 6—8 weeks after plants were transferred to
soil. Floral parts were from flowers before anthesis. Stem and root samples were prepared from older plants maintained in
greenhouse by pruning. Stem samples were prepared from secondary shoots after the plants were pruned. Root 1 samples were
prepared from plants directly and root 2 samples from regenerating roots two weeks after most of the previous roots had been

removed. ND = not determined.



very low GUS activity, less than 30 pmol per mg
protein per minute (data not shown). Further
analyses were undertaken to determine cell-
specific expression within these organs (parts) and
the changes occurring during development.

Expression in vegetative tissues

Analysis of GUS activity during leaf development
showed that it generally increased with the leaf
age. Results from one representative plant (con-
taining pHW112) are presented in Fig. 2. Fur-
thermore it was observed that older plants gen-
erally had higher GUS activity (data not shown).
These observations indicate that the expression in
leaves increased both with the leaf age and plant
(shoot) age.

When the GUS activity was localized after in-
cubating leaves with the substrate X-gluc, the
guard cells of the stomatal complex were intensely
stained and, to some degree, the trichomes also,
while there was only weak staining in the neigh-
bouring epidermal cells and no staining in other
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Fig. 2. Variation in GUS activity with leaf size and position.
Samples were prepared from different leaves of the same to-
bacco transformant and GUS activity was measured (pre-
sented as pmol MU formed per mg protein per minute). The
data shown here is from a representative pHW112 primary
transgenic and are average values from duplicate neighbouring
leaf discs. Leaves are numbered from the base to the tip.
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epidermal cells (not adjacent to the guard cells)
(Fig. 3a—g). The strong expression in guard cells
was observed in both cotyledons (Fig. 3a—-b) and
leaves (Fig. 3c). Use of peeled epidermis revealed
more clearly the difference in GUS activity among
various epidermal cells (Fig. 3d—f). For tri-
chomes, curiously, the intensity of coloration var-
ied considerably from one to another on the same
leaf (Fig. 3d). Fixation in 0.29 formaldehyde
prior to staining did not alter the pattern, although
the intensity of staining decreased with prolonged
fixation (data not shown). Therefore, the strong
GUS activity in the guard cells was not due to
induction of expression during the incubation for
staining. The relative level of GUS activity among
various cell types of unstressed leaves based on
staining density was: guard cells> trichome>
other leaf cells.

Transformed plants of pHW111, pHW112 and
pHW113 showed the same pattern, indicating
that both kinl and cor6.6 are highly expressed in
guard cells and that such expression was prob-
ably conferred by a cis-acting element(s) in the
promoter. Although the dramatic difference in the
intensity of staining between guard cells and other
leaf cells was unlikely to be due to differences in
the penetration of substrate, a quantitative assay
was nevertheless performed to confirm the results
from histochemical localization and to obtain re-
sults normalized for protein content. Since it is
technically difficult to isolate guard cells without
altering the GUS expression (especially when it is
directed by a stress-inducible promoter), the epi-
dermis was peeled and the GUS specific activity
was compared to activity of the leaf from a similar
location on a leaf blade. As shown in Fig. 4, GUS
specific activity in epidermis was much higher
(7-9 times) than the average activity of punched
leaf disc for pHW plants. Since the leaf sample
also contained the epidermis (and guard cells),
the activity ratio is an underestimate of the dif-
ference in GUS activity between epidermis and
mesophyll cells. As a comparison, GUS activity
in the epidermis of the plants harbouring the
CaMYV 358 promoter was the same or only mar-
ginally higher than the average leaf activity
(Fig. 4).



Fig. 3. Histochemical localization of GUS expression directed by either kinl (a, b) or cor6.6 (c—i) promoter in vegetative tissues
of transgenic tobacco plants. (a, b) Seedlings growing in Petri plates at two weeks (a) and three weeks (b) showing strong expression
in cotyledon guard cells. x 14. (c) Leaf showing strong expression in guard cells. Note that the small veins remained unstained.
x 28. (d) Peeled epidermal strip (viewed at low magnification) with guard cells and some trichomes showing strong GUS activ-
ity. x 34. (e) Stained guard cells on an epidermal peel. Note some weak staining in neighbouring epidermal cells (arrowheads).
x 285. (f) Stained trichomes on an epidermal peel. Note the stained guard cells in the background. x 114. (g) A stem section
showing GUS activity in epidermis and trichomes. x 5.3. (h) A stem section showing strong GUS activity in the lateral bud. x 6.7.
(i) A root generated from hydroponically cultured shoot showing strong GUS activity in lateral root primordia. x 3.4,

Quantitative analysis showed that GUS spe-
cific activities in extracts of shoots and roots of
pHW plants were higher than in leaves (Fig. 1).
Cross sections of stems revealed expression in
trichomes and epidermis (Fig. 3g). In older stems,
expression was sometimes observed in vascular
tissues and parenchyma cells (data not shown).
However, the strongest expression in shoot was
observed in lateral bud primordia (Fig. 3h). In
roots generated from hydroponically cultured
shoots, strong expression was observed in lateral
root primordia (Fig. 3i).

Expression in reproductive tissues

The analysis of GUS expression during anther
development is shown in Fig. 5. The level of GUS
activity in mature anthers was 40-200 times
greater than activity in young anthers (flower bud
about 5 mm) for all transformants with pHW111,
pHWI112 and pHW113 while it remained the
same in transformants with pBI121 (CaMV 35S
promoter) (Fig. 5).

Histochemical staining of detached flower parts
showed that GUS activity in sepals (Fig. 6a), pet-
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Fig. 4. Quantitation of GUS activity in epidermis of trans-
genic tobacco. GUS activity (in pmol MU per mg protein per
minute) was determined for samples prepared from leaf discs
and epidermal peels from the same leaves. The ratio between
GUS activity in epidermis and GUS activity of leaf discs were
plotted. The number above the bars indicates vector and in-
dependent transformant (following the dash). The standard
deviation is shown on the top of the bar.

als (Fig. 6b) and stamen filaments (Fig. 6¢c) were
localized in guard cells and trichomes, as in
leaves. There was little activity in the ovary, style
and stigma and this corresponded with a reduced
number or absence of trichomes and guard cells
in these floral parts. Cryo-sections stained under
identical conditions indicated that the strongest
activity was in guard cells of the sepal (Fig. 6d)
and pollen of the anther (Fig. 6¢). The anther wall
showed little activity, indicating that the GUS
activity in mature anther (Fig. 5) was due to the
expression in pollen.

Analyses of isolated pollen from flower buds
showed progressively increasing GUS staining
during pollen maturation (Fig. 6f—h) with maxi-
mum expression at anthesis (Fig. 6h—i). The ‘cut-
off size for flowers to show visible pollen stain-
ing depended on individual plants and incubation
times. Obviously, plants with higher levels of
GUS expression would show staining of anthers
at earlier stages (smaller size) relative to those of
plants with lower GUS expression when assayed
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Fig. 5. Quantitation of GUS activity during anther develop-
ment. Anthers were removed from flower buds of various
lengths. The extracts prepared were used for GUS and pro-
tein assays. Data from one representative plant of each con-
struct were plotted. a (top). Figure plotted at a larger scale.
b (bottom). The lower portion of (a) plotted at a smaller scale.

under the same conditions. In some plants with
high GUS expression, mature pollen showed vis-
ible staining in 30 min. In addition, germinating
pollen demonstrated apparently lower GUS ac-
tivity than ungerminated pollen from the same
plant (compare Fig. 6 to Fig. 6i).

Expression during seed development

Fruits at 5-day intervals after anthesis (DAF, for
days after flowering) were hand-dissected and
stained for GUS activity. The results (Fig. 7a, c,
e, g and i) showed that there was clear expression
in fruits at 5-15 DAF with the highest expression
observed at 10 DAF (Fig. 7c). The junctions of
two carpels showed some activity and low activ-
ity was occasionally observed in placenta while
longitudinal sections revealed enhanced expres-
sion near the receptacle. By far the highest activ-
ity was localized in the developing seeds.
Parallel analyses were performed with detached
seeds (Fig. 7b, d, f, h and j). Developing seeds of
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Fig. 6. GUS analysis in reproductive tissues of transgenic tobacco plants using floral parts (a—c), cryo-sections (d—e), isolated
pollen (f-i) and germinating pollen (j). (d—e) were sectioned from the same flower of a pHW112 plant and stained for the same
lenght of time. Pollen in (f-h) were isolated from flower buds of a pHW111 plant and had 16 h incubation for GUS staining. Pollen
in (i-j) were from a pHW112 plant and had 5 h incubation for GUS activity. (a) Sepal viewed from the outer face. Note stain-
ing in guard cells and trichomes. x 14. (b) Petal viewed from the inner face. x 14. (c) Stamen filament attached to the inner side
of petal. Note numerous stained trichomes. x 14. (d) Cryo-section of sepal (S) and petal (P) showing strong staining of guard cells
(arrow heads) and faint staining in the epidermis. x 38. (e) Cryo-section of anther (about two days prior to anthesis) showing strong
GUS activity in pollen but not in the anther wall (W). x 152. (f) Developing pollen from a flower bud of 17 mm. x 152,
(g) Developing pollen from a flower bud of 27 mm. x 152. (h) Mature pollen from a flower bud of 40 mm. x 152. (i) Mature pol-
len from a flower bud of 43 mm (pHW112). x 152. () Germinating pollen after 12 h of in vitro germination. Note an ungerminated
pollen at the center with strong GUS staining and much weaker staining for the germinating pollen (tubes). x 152.

Fig. 7. Histochemical localization of GUS activity during fruit and seed development in a pHW112 plant using either fruit sec-
tions (a, ¢, e, g, i, k), detached developing seeds (b, d, f, h, j) or cryo-sections (1 m). (a, b) 5 DAF (days after flowering). (a) x 4.6
and (b) x 14. (c, d) 10 DAF. (c) x 4.6 and (d) x 14. (e, f) 15 DAF. (e) x 4.6 and (f) x 14. (g, h) 20 DAF. (g) x 4.6 and (h) x 14.



@i, j) 25 DAF. (i) x 4.6 and (j) x 14. (k) Seeds at 10 DAF sectioned and stained on fruit. x 19. (1) Section of developing seed at
10 DAF showing strong staining in cells surrounding the embryo sac and the adjacent endosperm. x 152. (m) Section of devel-
oping seed at 10 DAF showing globular embryo (E). Note the small size relative to the seed. x 380.
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5 DAF showed clear activity, which was mani-
fested in a ring-shape structure (Fig. 7b). By 10
DAF GUS activity was maximal with more
prominent staining in the same region as observed
in 5 DAF seeds (Fig. 7d). However, it was diffi-
cult to identify the high-activity cells in the whole
seeds since the staining was intense and may have
diffused. At 15 DAF the staining of developing
seeds was much reduced and there was some
localized activity on the surface of the seed
(Fig. 7f). At 20 DAF and later, little GUS stain-
ing was observed in the maturing seeds (Fig. 7h
and 7j).

The GUS activity in the developing seeds was
quantified and the results are shown in Fig. 8.
GUS activity peaked around 10 DAF and then
decreased, remaining low during seed maturation.
Since the absolute activity varied significantly be-
tween individual plants, the ratio between the
GUS activity at 10 DAF and that at 30 DAF
(10/30 DAF ratio) was used to better compare
the change of GUS activity during seed matura-
tion among different plants. As shown in Table 1,
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Table 1. The GUS activity ratio between 10 DAF and 30
DAF tobacco seeds from transformants with various con-
structs. Flowers were tagged at anthesis. Specific GUS ac-
tivity was determined from 2-4 samples at each time point for
each plant. The calculated result for each plant is the ratio
between the averages of GUS activities at 10 and 30 DAF.

Construct GUS activity ratio Number of
=10/30 DAF seeds plants
(average + SD) ’

pHWI111 8.0+5.3 2

pHWI112 228+ 133 4

pHW113 18.3+2.5 2

pBI121 1.6 +0.9 4

the 10/30 DAF ratio for pHW112 plants aver-
aged 228. The ratio was lower for pHW111 plants
(average of 8.0) and for pHW113 plants (average
of 18.3). Thus, it seemed that the relative expres-
sion of pHW 112 (cor6.6) plants appeared stron-
ger than that of pHW111 (kin!) plants in 10 DAF
seeds. However, the ratios for pHW111 and
pHW113 might be less accurate since only two
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Fig. 8. Quantitation of GUS activity during seed development. Seeds were removed from capsules at 5-day intervals after anthesis.
The extracts prepared were used for GUS and protein assays. Data from one representative plant of each construct were plot-

ted: (2) pHW111, (b) pHW112, (c) pHW113 and (d) pHI121.



plants were used from each of the two constructs
in these analyses and these plants had lower basal
levels of expression than pHW112 plants. Nev-
ertheless, the 10/30 DAF ratios for all three pHW
constructs were much higher than the ratio of
pBI121 with an average of 1.6.

To exclude the possibility that difficulty in sub-
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strate penetration might have hindered the stain-
ing of more developed seeds, cryo-sections and
dissected embryos were examined. The cryo-
sections of detached seeds further demonstrated
that the strongest expression in developing seeds
of 10 DAF was localized in cells surrounding the
embryo sac membrane (inner integument) and

Fig. 9. Histochemical localization of GUS activity in transgenic pHW112 Arabidopsis plants. (a) Leaf. x 13. (b) Stem. x13.
(c) Sepal. x 13. (d) Flower. x 13. (e, f, g, h) Seeds in successive developmental stages. x 4.9. (i) Seedlings under normal condi-
tions. x 3.2. (j, k) Roots showing strong expression in lateral root primordia. (j) x 6.6 and (k) x 27. (I) Seedlings treated with ABA
for 24 h. x3.2. {m, n) Roots from ABA-treated seedlings showing strong expression in root tips and vascular tissues. (m} x 6.6

and (n) x 13.
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perhaps the adjacent endosperm cells (Fig. 7k-1).
A more definite localization however requires fur-
ther experiments using embedded tissue and mi-
croscopy. Embryos from 10 DAF seeds were ob-
served to be at the globular stage and did not
show any staining (Fig. 7Tm). At this stage, dis-
secting out the embryos was still difficult due to
their small size and fragility. Embryos from 13
DAF seeds however could be easily dissected
out, identified as being at torpedo stage and were
not stained (data not shown).

Expression in transgenic Arabidopsis

Since the above results, although intriguing, were
from a heterologous system, transgenic Arabidop-
sis plants were also obtained with pHW112 and
analysed similarly. Results showed similar pat-
terns of GUS expression during plant develop-
ment (Fig. 9). GUS activity was particularly
strong in guard cells of leaf, stem and flower tis-
sues (Fig. 9a~d), in pollen (Fig. 9d) and in devel-
oping seeds (Fig. 9e-h). Quantitation of GUS
activity in developing seeds showed strong ex-
pression around early-mid stage of development
(Fig. 10).

Similar to tobacco, the basal GUS activity in
seedlings was generally low (Fig. 9i) whereas
strong expression was observed in the lateral root
primordia and the leaf base where lateral buds
would emerge (Fig. 9j-k). The expression in
guard cells of Arabidopsis seedlings, however, was
less obvious than the tobacco seedlings. Seed-
lings were also analysed to assess the effect of
several inducing treatments on tissue-specific
GUS expression. Seedlings exposed to low tem-
perature treatment (5 °C) were similar to the con-
trol seedlings (Fig. 9i). Seedlings subjected to
ABA (Fig. 91-n) or osmotic treatments showed
obvious increase in GUS staining, which was
more noticeable in the vascular tissues (Fig. 9m—
n). Quantitative analysis showed that the relative
induction was similar in leaves (Fig. 8 in [32])
and in stem and root tissues (data not shown).
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Fig. 10. Quantitation of GUS activity during seed develop-
ment in trangenic pHW 112 Arabidopsis plant. The developing
siliques on continuously growing shoots were evenly divided
into 6 stages from the early stage to mature seeds. The seeds
isolated were assayed for GUS activity. Each datum repre-
sents the average of two samples from two shoots.

Discussion
Developmental regulation of cold-inducible genes

The expression of most cold inducible genes is
also regulated by other environmental conditions
(e.g. drought) and exogenous ABA. In addition,
they are probably responsive to intrinsic devel-
opmental signals. A comprehensive understand-
ing of gene regulation can only be achieved by
identifying all the major factors influencing the
expression. Thus, we have focused on two ho-
mologous Arabidopsis genes, kinl and cor6.6, in
an attempt to elucidate some general mechanisms
of regulation for cold-inducible genes. Transgenic
plants with promoter-GUS fusions were analy-
sed by both histochemical and quantitative as-
says. The histochemical staining, although able to
localize GUS activity, is a qualitative measure of
total GUS activity in cells and tissues, whereas
the in vitro assay provides quantitative data that
are normalized for protein content. GUS activity
directed by a constitutive CaMV 35S promoter
was analysed as a comparison to exclude the ef-



fect of GUS sequence itself on the expression
pattern.

Results from the analyses of transgenic plants
containing either kin! or cor6.6 promoter revealed
that the highest GUS activity was in guard cells
of the stomatal complex, trichomes, pollen and
developing seeds. The activity in pollen and de-
veloping seeds was even higher than that in ABA
and osmoticum treated leaves [32]. For instance,
the plant pHW112-30 had an average GUS ac-
tivity (in nmol MU per mg protein per minute) of
4.84 for ABA-treated leaves, around 19 for ma-
ture pollen and 23 for seeds at 10 DAF. In ad-
dition, expression was also observed in lateral
root and bud primordia, in the receptacle, in tis-
sues near the joint of two carpels and in vascu-
lar tissues of stressed seedlings. However, his-
tochemical staining indicated that the level of
expression in these tissues was lower than that in
mature pollen and developing seeds.

Recently, studies of gene regulation using
promoter-GUS fusions indicated that some cold
inducible genes are also expressed in non-stressed
plants. The promoter of A. thaliana rd29A4 (cor78)
was shown to direct relatively high GUS expres-
sion in trichomes of leaves [11, 35]. Weak GUS
activity was also observed in vascular tissues of
seedlings, the transitional regions between roots
and stems, and petioles [35]. Although most of
these tissues showed low to moderate levels of
GUS activity with chimaeric kinl/cor6.6 pro-
moter-GUS genes, the striking expression in
guard cells, pollen and developing seeds as ob-
served for kinl /cor6.6 promoters was not present
for the rd29A promoter. During preparation of
this manuscript, Baker et al. [2] showed that the
promoter from corl5a directed strong GUS ex-
pression in anther but not in guard cells or seeds.

The same patterns of GUS expression directed
by both kinl and cor6.6 promoters indicate that
they contain similar sequences conferring the
tissue- and development-specific expression. In
addition, the expression directed by the cor6.6
promoter was similar between transgenic tobacco
and Arabidopsis plants, indicating a conservation
of the transcriptional regulation mechanism for
these promoters between the two species. One
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difference was that strong expression in the lateral
roots of Arabidopsis seedlings was not present in
the lateral root primordia of tobacco seedlings.
This expression, however, was observed in lateral
roots from tobacco shoots cultured without con-
stant aeration.

Expression in guard cells, mature pollen and devel-
oping seeds

To our knowledge this is the first report on the
preferential expression of cold-inducible genes in
guard cells, although expression in epidermis
(relative to mesophyll cells) was reported for lea
and osmotin genes [3, 8, 14]. Guard cells have a
high osmolarity (relative to other leaf cells) dur-
ing stomatal opening, due to an influx of K* [7,
12] and internal release of counterions [1]. For
instance the concentration of K* is about 0.4 M
in Vicia faba guard cells and could be as high as
0.8 M in tobacco [23]. Although the underlying
factor responsible for the expression of kinl and
cor6.6 in guard cells is yet to be identified, it might
be related to the adjustment of cells to high os-
molarity, considering also their expression in
other tissues (see discussion below). Some weak
staining was usually present in epidermal cells
neighbouring the guard cells, but not in other non-
adjacent epidermal cells, coinciding with the K™
osmotic gradient [24], although it could also be
a non-specific activity diffused from the guard
cells. The expression in guard cells apparently
was not environmentally induced by water stress
since seedlings growing in Petri plates (where hu-
midity was close to 1009, ) also showed strong
expression (Fig. 3a and 3b).

High-level promoter-directed GUS expression
in pollen was observed recently for another cold-
inducible gene, corl3a, although the time course
was not examined [2]. Similar results were ob-
tained for at least two other desiccation and
osmoticum-inducible genes [ 14, 21]. The expres-
sion is probably due to desiccation and high os-
molarity during pollen maturation. It is likely
that such expression would be found for other
desiccation-inducible genes and perhaps other



632

cold-inducible genes. In addition, it is noteworthy
that the promoter-directed GUS activity of kinl
and cor6.6 decreased after pollen germination, as
was observed for the osmotin gene [ 14].

Strong gene expression during embryogenesis,
especially at late stages of maturation and desic-
cation, is typical of lea genes. They are of par-
ticular interest since most of them are also re-
sponsive to ABA and desiccation and many cold-
inducible genes have sequence homology to lea
genes. Based on their sequence similarity, lea
genes were initially classified into three groups
[6]. Promoters from some of these genes all con-
ferred a high level of GUS expression during em-
bryo maturation and desiccation in transgenic to-
bacco, consistent with results of mRNA analysis
[19, 26, 34]. Among the cold inducible genes from
Arabidopsis, the majority have sequence homol-
ogy to lea genes with cord7 [9], rab18 [17] and
cab85 [22] belonging to Group 2 and the corl5
[33] family to Group 3. As for kinl/cor6.6,
Gilmour et al. [9] noted a low homology at the
amino acid level between COR6.6 and Brassica
LEA76 (a Group 3 lea) [10]. Expression of kinl/
cor6.6 is also induced by dehydration, osmoticum
and ABA as typical of lea genes. In addition, they
are hydrophilic, like most LEA proteins. Despite
these similarities, however, kinl and cor6.6 are
unique in that they showed strong transient ex-
pression during early seed development outside
the embryos, but not in the embryos during late
embryogenesis. This is consistent with northern
blot results showing no cor6.6 expression in seeds
during later developmental stages [9].

Functional implication for KIN1 and COR6.6

The observations that kinl and cor6.6 are highly
expressed in several types of tissues (cells)
strongly imply that their products play a different
role in these developmental processes than the
suggested antifreeze activity [ 16]. The strong ex-
pression in guard cells and pollen and their in-
duction by osmoticum and dehydration in leaves
[32] suggest that kin/ and cor6.6 expression is
related to cellular osmotic potential. This simple

rationale is apparently inconsistent with their di-
minishing expression during desiccation of the
seeds. However, GUS staining revealed that the
expression was in cells surrounding the embryo
sac and perhaps in the endosperm, not in the
embryo (Fig. 7d and 71). Previous studies indi-
cated that osmolarity indeed decreased in this
environment during embryo development. Riet-
sema et al. [25] observed that a lower concentra-
tion of sucrose was required for successful culture
of more developed Datura embryos, with pre-
heart embryos requiring about 129, sucrose and
mature embryos being able to grow on 0%, su-
crose. Direct measurement of the endosperm lig-
uid in Phaseolus vulgaris from heart stage to late
cotyledon stage showed a decrease in osmolarity
[27].

Therefore, GUS is predominantly expressed in
cells and developmental processes with elevated
osmolarity (low osmotic potential), suggesting
that KIN1 and COR6.6 may be involved in the
adjustment to low osmotic potential. A role in
osmo-protection is not inconsistent with their in-
duction by low temperature. It is interesting to
observe that the expression patterns of kinl and
cor6.6 resemble that of the osmotin gene pro-
moter (expressed in old leaves, epidermis and
pollen) [14]. However, the lack of expression
during embryo maturation and desiccation indi-
cates that the desiccation signal can be overriden
by developmental signals.

It is not clear if the high expression in root and
shoot primordia is a manifestation of high osmo-
larity or of a distinct developmental cue, How-
ever, since ABA is involved in the formation of
modified lateral roots during drought stress [30],
expression in root primordia is not entirely sur-
prising and warrants further investigation.

Cis-acting elements for development-specific expres-
sion

Since all pHW113 plants bearing a 45 bp deletion
of the transcribed leader sequence in the full-
length cor6.6 promoter had the same expression
patterns as pHW112 plants, developmental ex-



pression was likely mediated through cis elements
in the 5’ untranscribed region. Comparisons of
the kinl and cor6.6 promoters with other pro-
moters sharing similar expression patterns might
be useful. However, there has been no consensus
sequence identified as a pollen-specific cis ele-
ment [20]. The kinl and cor6.6 promoters do not
contain the 52/56 box and 56/59 box sequence
motifs identified in the promoter regions of
pollen-specific tomato LAT genes [29]. There has
been very little information on guard cell-specific
expression. Thus, elements in the two promoters
conferring the development-specific expression
remain to be elucidated. Since the expression was
strong in tissues and cells with high osmolarity,
an interesting question is whether expression in
some developmental processes (e.g. in pollen and
developing seeds) is regulated through the same
cis element conferring ABA-inducible expression.
Current experiments are underway to address this
and other questions concerning the sequences
conferring environmentally induced expression
and developmentally specific expression of the
two genes, and to determine possible links be-
tween them.

Acknowledgements

We would like to thank W. Keller for the use of
a fluorometer and K.N. Kao for the use of a
dissecting microscope. We also thank W.L.
Crosby and R. Datla for critical reading of the
manuscript. This paper is NRCC number 38010.

References

1. Allaway WD: Accumulation of malate in guard cells of
Vicia faba during stomatal opening. Planta 110: 63-70
(1973).

2. Baker SS, Wilhelm KS, Thomashow MF: The 5'-region
of Arabidopsis thaliana corl 5a has cis-acting elements that
confer cold-, drought- and ABA-regulated gene expres-
sion. Plant Mol Biol 24: 701-713 (19%4).

3. Barrat DHP, Clark JA: A stress-induced, developmen-
tally regulated, highly polymorphic protein family in Pisum
sativum L. Planta 191: 7-17 (1993).

4. Bino RJ, Hille J, Franken J: Kanamycin resistance dur-

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

633

ing in vitro development of pollen from transgenic tomato
plants. Plant Cell Rep 6: 333-336 (1987).

. Bradford MM: A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem 72:
248-254 (1976).

. Dure III L, Crouch M, Harada J, Ho T-HD, Mundy J,

Quatrano R, Thomas T, Sung ZR: Common amino acid
sequence domains among the LEA proteins of higher
plants. Plant Mol Biol 12: 475-486 (1989).

. Fischer RA, Hsiao TC: Stomatal opening in isolated epi-

dermal strips of Vicia faba. 11. Responses to KCl con-
centration and the role of potassium absorption. Plant
Physiol 43: 1953-1958 (1968).

. Gaubier P, Raynal M, Hull G, Huestis GM, Grellet F,

Arenas C, Pagés M, Delseny M: Two different Em-like
genes are expressed in Arabidopsis thaliana seeds during
maturation. Mol Gen Genet 238: 409-418 (1993).

. Gilmour SJ, Artus NN, Thomashow MF: cDNA se-

quence analysis and expression of two cold-regulated
genes of Arabidopsis thaliana. Plant Mol Biol 18: 13-21
(1992).

Harada J, DeLisle A, Baden C, Crouch M: Unusual
sequence of an abscisic acid inducible mRNA which
accumulates late in Brassica napus development. Plant
Mol Biol 12: 395-401 (1989).

Horvath DP, McLarney BK, Thomashow MF: Regula-
tion of Arabidopsis thaliana L. (Heyn) cor78 in response
to low temperature. Plant Physiol 103: 1047-1053
(1993).

Humble GD, Raschke K: Stomatal opening quantita-
tively related to potassium transport. Evidence from elec-
tron probe analysis. Plant Physiol 48: 447-453 (1971).
Jefferson RA: Assaying chimeric genes in plants: the GUS
gene fusion system. Plant Mol Biol Rep 5: 387-405
(1987).

Kononowicz A, Nelson DE, Singh NK, Hasegawa PM,
Bressan RA: Regulation of the osmotin gene promoter.
Plant Cell 4: 513-524 (1992).

Kurkela S, Borg-Franck M: Structure and expression of
kin2, one of two cold- and ABA-induced genes of Arabi-
dopsis thaliana. Plant Mol Biol 19: 689-692 (1992).
Kurkela S, Franck M: Cloning and characterization of a
cold- and ABA-inducible Arabidopsis gene. Plant Mol Biol
15: 137-144 (1990).

Lang V, Palva ET: The expression of a rab-related gene,
rabl8, is induced by abscisic acid during the cold accli-
mation process of Arabidopsis thaliana (L.) Heynh. Plant
Mol Biol 20: 951-962 (1992).

Lee SP, Chen TH-H: Molecular biology of plant cold
hardiness development. In: Li PH, Christersson L (eds)
Plant Cold Hardiness, pp. 1-29. CRC Press, Boca Raton,
FL (1993).

Marcotte WR, Russell SH, Quatrano RS: Abscisic acid-
responsive sequences from the Em gene of wheat. Plant
Cell 1: 969-976 (1989).



634

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

McCormick S: Male gametophyte development. Plant
Cell 5: 1265-1275 (1993).

Michel D, Salamini F, Bartels D, Dale P, Baga M, Szalay
A: Analysis of a dessication and ABA-responsive pro-
moter isolated from the resurrection plant Craterostigma
plantagineum. Plant J 4: 29-40 (1993).

Neven LG, Haskell DW, Hofig A, Li Q-B, Guy CL:
Characterization of a spinach gene responsive to low tem-
perature and water stress. Plant Mol Biol 21: 291-305
(1993).

Outlaw WH Jr: Current concepts on the role of potassium
in stomatal movements. Physiol Plant 59: 302-311 (1985).
Penny MG, Bowling DJF: A study of potassium gradi-
ants in intact leaves of Commelina communis L. in relation
to stomatal opening. Planta 119: 17-25 (1974).
Rietsema J, Satina S, Blakeslee AF: The effect of sucrose
on the growth of Datura stramonium embryos in vitro. Am
J Bot 40: 538-545 (1953).

Seffens WS, Almoguera C, Wilde HD, Vonder Haar RA,
Thomas TL: Molecular analysis of a phylogenetically
conserved carrot gene: developmental and environmental
regulation. Devel Genet 11: 65-76 (1990).

Smith JG: Embryo development in Phaseolus vulgaris. 11
Analysis of selected inorganic ions, ammonia, organic
acids, amino acids, and sugars in the endosperm liquid.
Plant Physiol 51: 454-458 (1975).

Thomashow MF: Molecular genetics of cold acclimation
in higher plants. Adv Genet 28: 99~-131 (1990).

Twell D, Yamaguchi J, Wing RA, Ushiba J, McCormick

31.

32.

33.

34.

3s.

S: Promoter analysis of genes that are coordinately ex-
pressed during pollen development reveals pollen-specific
enhancer sequences and shared regulatory elements.
Genes Devel 5: 496-507 (1990).

. Vartanian N, Marcotte L, Giraudat J: Drought rhizogen-

esis in Arabidopsis thaliana: differential responses of hor-
monal mutants. Plant Physiol 104: 761-767 (1994).
Wang H, Georges F, Pelcher LE, Saleem M, Cutler AJ:
A 5.3 kb genomic sequence from Arabidopsis thaliana con-
taining kinl and cor6.6. Plant Physiol 104: 291-292
(1994).

Wang H, Datla R, Georges F, Loewen M, Cutler AJ:
Promoters from kinl and cor6.6, two homologous Arabi-
dopsis thaliana genes: transcriptional regulation and gene
expression induced by low temperature, ABA, osmoticum
and dehydration. Plant Mol Biol 28: 605-617 (this issue)
(1995).

Wilhelm KS, Thomashow MF: Arabidopsis thaliana
corl5h, an apparent homologue of corl3a, is strongly re-
sponsive to cold and ABA, but not drought. Plant Mol
Biol 23: 1073-1077 (1993).

Yamaguchi-Shinozaki K, Mino M, Mundy J, Chua N-H:
Analysis of an ABA-responsive rice gene promoter in
transgenic tobacco. Plant Mol Biol 15: 905-912 (1990).
Yamaguchi-Shinozaki K, Shinozaki K: Characterization
of the expression of a desiccation-responsive rd29 gene of
Arabidopsis thaliana and analysis of its promoter in trans-
genic plants. Mol Gen Genet 236: 331-340 (1993).



