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Two Homologous Low-Temperature-lnducible Cenes from 
Arabidopsis Encode Highly Hydrophobic Proteins’ 

juan Capel’, José A. Jarillo3, Julio Salinas*, and José M. Martínez-Zapater 
Departamento de Biologia Molecular y Virología Vegetal, Centro de Investigación y Technologia, Instituto 

Nacional de lnvestigaciones Agrarias, Carretera 

We have characterized two related cDNAs (RCIM and RC12B) 
corresponding to genes from Arabidopsis thaliana, the expression of 
which is  transiently induced by low, nonfreezing temperatures. 
RClZA and R C D B  encode small(54 amino acids), highly hydropho- 
bic proteins that bear two potential transmembrane domains. They 
show similarity to proteins encoded by genes from barley (Hordeum 
vulgare L.) and wheatgrass (Lophophyrum elongatum) that are reg- 
ulated by different stress conditions. Their high leve1 of sequence 
homology (78%) and their genomic location in a single restriction 
fragment suggest that both genes originated as a result of a tandem 
duplication. However, their regulatory sequences have diverged 
enough to confer on them different expression patterns. Like most 
of the cold-inducible plant genes characterized, the expression of 
RC12A and RC/ZB is also promoted by abscisic acid (ABA) and 
dehydration but i s  nota general response to stress conditions, since 
it is not induced by salt stress or by anaerobiosis. Furthermore, low 
temperatures are able to induce RC12A and RC12B expression in 
ABA-deficient and -insensitive genetic backgrounds, indicating that 
both ABA-dependent and 4ndependent pathways regulate the low- 
temperature responsiveness of these two genes. 

Many plant species from temperate regions are able to 
increase their freezing tolerance after being exposed to low, 
nonfreezing temperatures. This adaptive process, known 
as cold acclimation (Levitt, 1980; Sakai and Larcher, 1987), 
involves a number of biochemical and physiological 
changes, including increased levels of soluble sugars, pro- 
teins, amino acids, and organic acids, as well as the mod- 
ification of membrane lipid composition (Thomashow, 
1994). Many of these changes have been shown to be reg- 
ulated through changes in gene expression, and a number 
of genes, the expression of which is induced by low tem- 
peratures, have been isolated and characterized from a 
wide range of both dicot and monocot species (for review, 
see Thomashow, 1994, and Hughes and Dunn, 1996). The 
precise role that such changes in gene expression play in 
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the cold-acclimation process and the biological function for 
the majority of the low-temperature-responsive genes re- 
main to be determined. 

Although the expression of some cold-inducible genes 
seems to be specifically regulated by low temperature, in 
most cases it is also regulated by water stress and ABA 
(Hughes and Dunn, 1996). This is in agreement with the 
observation that both drought and exogenous ABA treat- 
ments can mimic the effects of low temperatures and in- 
crease the freezing tolerance of several temperate species 
(Cloutier and Siminovitch, 1982; Chen and Gusta, 1983; 
Mantyla et al., 1995). Moreover, it has been shown that the 
endogenous levels of ABA increase in response to low 
temperature and water stress (Chen et al., 1983; Lang et al., 
1994). These results, together with the fact that Arabidopsis 
ABA-deficient (aba) mutants are impaired in cold acclima- 
tion (Thomashow, 1994), indicate that ABA is involved in 
the response. However, the expression of several cold- 
responsive genes is induced by low temperatures in aba 
and ABA-insensitive (abi) mutants, demonstrating that 
they do not require ABA for this induction (Shinozaki et al., 
1996). Taken together, these observations demonstrate that 
at least two separate regulatory pathways, one ABA de- 
pendent and another ABA independent, function in gene 
expression during cold stress. Additionally, other cold- 
regulated genes are also induced by salt stress (Kurkela 
and Borg-Franck, 1992; Yamaguchi-Shinozaki and Shi- 
nozaki, 1994), pathogen infection (Molina and Garcia- 
Olmedo, 1993), hypoxia (Jarillo et al., 1993), and light stress 
(Leyva et al., 1995). 

Most of the low-temperature-inducible genes have been 
isolated by differentially screening cDNA libraries from 
cold-acclimated plants. Since this technique identifies 
cDNAs corresponding to transcripts that are present at 
elevated levels in the mRNA populations, most of the 
isolated genes are induced at high levels by low tempera- 
ture. In an attempt to isolate genes induced at medium-low 
levels during cold acclimation that could have a role in 
regulation or signal transduction, we screened a cDNA 
library from cold-acclimated seedlings of Arabidopsis with 
a subtracted probe enriched in cold-induced transcripts. In 
a previous report (Jarillo et al., 1994) we described the 
isolation and molecular characterization of two Rare Cold 
Inducible cDNAs, XCllA and RCIlB (formerly named RCIl 
and RC12, respectively), corresponding to genes encoding 

Abbreviation: ORF, open reading frame. 
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14-3-3 proteins, which are thought to be involved in the 
regulation of multifunctional protein kinase activity (Ait- 
ken et al., 1992). 

In this work we present the isolation and characteriza- 
tion of RC12A and RC12B, two cDNAs corresponding to a 
new, small family of Arabidopsis genes that are induced in 
response to low temperatures. Both genes encode small, 
highly hydrophobic proteins containing two potential 
transmembrane domains and showing a high degree of 
homology. We show here that the expression of RCI2A and 
RC12B is transiently regulated during the cold-acclimation 
process independently from the developmental stage of the 
plant. However, this expression is differentially regulated 
in different organs of Arabidopsis. Furthermore, RCI2A 
and RCI2B expression is also up-regulated by ABA and 
water stress, and by low temperature in aba1 and abil 
mutants of Arabidopsis, indicating that both ABA- 
dependent and kdependent pathways regulate the low- 
temperature responsiveness of RCI2A and RCI2B genes. 
Based on these results, the potential roles of RCI2A and 
RC12B in cold acclimation and freezing tolerance are 
discussed. 

MATERIALS A N D  METHODS 

Plant Material and Crowth Conditions 

Arabidopsis thaliana (L.) Heyhn., ecotype Columbia (Col), 
was purchased from Lehle Seeds (Tucson, AZ). The 
ecotype Landsberg erecta (Ler) and the aba1 and abil mu- 
tants were kindly provided by Maarten Koornneef 
(Wageningen Agricultura1 University, The Netherlands). 
Four-day-old etiolated seedlings, 4-week-old plants, and 
8-week-old plants were used for the experiments. For eti- 
olated seedlings, seeds were sown under sterile conditions 
in Petri dishes containing mineral nutrient solution 
(Haughn and Somerville, 1986) solidified with 0.8% agar, 
and germinated for 4 d in the dark at room temperature. 
Cold treatment of etiolated seedlings was carried out at 4°C 
in the dark for different periods of time. Plants were grown 
at 22°C under long-day photoperiods (16 h of cool-white 
fluorescent light, photon flux of 70 pmol m-’s-’) in pots 
containing a mixture of perlite, vermiculite, and sphagnum 
(l:l:l), and irrigated with water and mineral nutrient so- 
lution (Haughn and Somerville, 1986) once a week. Low- 
temperature treatments of plants were performed at 4°C 
under the same light and photoperiodic conditions. 

A11 treatments were performed on 4-d-old etiolated seed- 
lings. For ABA treatments, seedlings were sprayed with 
100 p~ ABA and harvested 3 h later. The ABA stock 
solution was prepared in DMSO, and control treatments 
were given by spraying with water containing the same 
final concentration of the ABA solvent. Water stress was 
induced by transferring the seedlings to new Petri dishes 
without agar medium and allowing them to lose 50% of 
their fresh weight. Salt stress was performed by transfer- 
ring the seedlings to Petri dishes containing the agar me- 
dium plus 250 mM NaCl and maintaining the seedlings in 
this medium for 24 h. Anaerobiosis was produced by plac- 
ing the Petri dishes containing the seedlings on an N, 

atmosphere for 24 h. After the treatments, the seedlings 
were immediately frozen in liquid N, and stored at -80°C 
until their use. A11 treatments and manipulations with 
etiolated seedlings were performed under a green safelight 
(Safe Light no. 3, Kodak). 

Molecular Biology Methods 

Genomic DNA extractions were carried out following the 
method of Dellaporta et al. (1983). The construction and 
screening of the cDNA library has been previously de- 
scribed (Jarillo et al., 1994). Restriction digestions, cloning, 
and DNA-blot hybridizations were performed following 
standard protocols (Sambrook et al., 1989). To obtain full- 
length cDNA clones from the partia1 clones originally iso- 
lated, we used the AmpliFINDER RACE kit (Clontech, Palo 
Alto, CA). DNA sequencing was carried out by the dideoxy 
method (Sanger et al., 1977) using the Sequenase 2.0 kit 
(United States Biochemical) in the presence of [LX-~~SI~ATP.  
The nucleotide sequences were determined in both orienta- 
tions. The sequence databases were searched for sequence 
similarities using the BLAST program (Altschul et al., 1990). 
Comparison of the nucleotide and amino acid sequences 
were performed with the software package PC/Gene 6.5. 

Total RNA was isolated from etiolated seedlings and 
different plant organs following the method of Nagy et al. 
(1988). Poly(A)+ RNA was purified from total RNA using 
the Quick-Prep mRNA purification kit (Pharmacia). RNA- 
blot hybridizations were performed following standard 
protocols (Sambrook et al., 1989). For DNA- and RNA-blot 
hybridizations, DNA probes were radioactively labeled 
with [LX-~’P]~CTP using the Megaprime kit (Amersham). 
The RCIZA-specific probe that we used was a cDNA frag- 
ment containing 10 nucleotides of the ORF and the com- 
plete 3’ noncoding region. For RC12B, we used the 3’ 
noncoding region of the transcript as a specific probe. For 
probes, we also used a 2.5-kb fragment from the Arabidop- 
sis ADH gene (Chang and Meyerowitz, 1986) and the 
RD29A coding region (Yamaguchi-Shinozaki and Shi- 
nozaki, 1993). 

To control the integrity and the amount of poly(A)+ 
RNA loaded in each lane of the RNA blots, filters were 
hybridized with an [~~-~~P]- labeled 20-mer oligo-dT that 
was prepared using terminal transferase (Sambrook et al., 
1989). The hybridization signals were quantified by using a 
Howteck Scanmaster 3+ scanner and Bioimage 3.3 soft- 
ware from Millipore. Poly(A)+ RNA samples from each 
experiment were analyzed in at least two independent 
blots, and each experiment was repeated at least twice. 

RESULTS 

lsolation and Molecular Characterization of RC12A and 
RC12B, Two cDNAs Corresponding to Rare Cold- 
lnducible Genes 

RC12A was isolated by screening a cDNA library pre- 
pared from cold-acclimated etiolated seedlings of Arabi- 
dopsis, with a subtracted cDNA probe enriched in cold- 
induced transcripts. RNA-blot experiments with poly(A)+ 
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RNA extracted from cold-acclimated and nonacclimated 
etiolated seedlings indicated that RCl2A specifically hy- 
bridized with a cold-induced transcript of approximately 
500 nucleotides (data not shown). Sequence analyses 
showed that the RCl2A clone only contained 265 bp of the 
3' region, as indicated by the presence of a poly(A)+ tail. 
Using the AmpliFINDER RACE kit we identified a longer 
clone that contained an ORF overlapping the one of the 
265-bp partia1 clone, as well as a 5' noncoding region, and 
that corresponded to a full-length RC12A cDNA. 

Comparison of the RC12A full-length sequence to the 
expressed sequence tags present in the dbEST database 
uncovered the existence of one highly homologous ex- 
pressed sequence tag (31D10). RNA-blot experiments using 
a 3' noncoding, region-specific probe of 31D10 allowed the 
identification of a single transcript that had approximately 
500 bp and was preferentially detected in poly(A)+ RNA 
isolated from cold-acclimated etiolated seedlings (data not 
shown). These results indicated that 31D10 corresponded 
to another gene we called RC12B, the mRNA of which also 
accumulated in response to low temperature. 

The nucleotide sequence of the RCl2A cDNA contained 
an ORF of 162 nucleotides that would encode a protein of 
54 amino acids with an ATG codon at nucleotide 26, and 
the poly(A)+ tail starting 234 nucleotides downstream 
from the stop codon (Fig. 1). The estimated molecular mass 
of the predicted polypeptide, RCI2A, is 5.9 kD with a pI of 
6.2. The nucleotide sequence of the RCI2B cDNA differed 
from RC12A mainly in the 5' and 3' untranslated regions, 
the similarity of both cDNAs along the coding region being 
much higher (84%). RCI2B cDNA also contains an ORF of 
162 nucleotides, which is preceded by a 5' untranslated 
fragment of 53 nucleotides and followed by a 3' untrans- 
lated region of 165 nucleotides (Fig. 1). The RCI2B protein 
would also have 54 amino acids, which is equivalent to a 
molecular mass of 6.0 kD, but a pI of 8.2. 

RCI2A and RCI2B proteins are the same length, and their 
sequence alignment revealed that 78% of their amino acids 
are identical and 96% are similar (Fig. 2A). These proteins 
have a compositional bias for Leu (17%) and Ile (17%), 
which account for more than 30% of the residues .and do 
not contain Gln, Asn, Asp, or His residues. Hydropathy 
analyses (Kyte and Doolittle, 1982) indicated that they are 
highly hydrophobic (Fig. 2B), and functional-domains 
analyses (Klein et al., 1985) suggested that RCI2A and 
RCI2B contain two potential transmembrane domains cov- 
ering most of their length (Fig. 2A). In addition, compari- 
son of RCI2A and RCI2B with the SBASE, a database 
of protein domains (Pongor et al., 1992), uncovered N- 
terminal peptides with consensus features found in signal 
peptides of different transmembrane proteins (Fig. 2A). 

A computer search of sequence databanks revealed that 
RCJ2A and RCI2B are highly similar to two proteins, 
BLTlOl from barley (Hordeum vulgare L.) and ES13 from 
wheatgrass (Lophopyrum elongatum L.), which are encoded 
by genes that are inducible by different abiotic stresses 
(Goddard et al., 1993; Gulick et al., 1994). BLTlOl and ES13 
share identical sequences, although their comparison with 
RCJ2A showed that 68% of their amino acids are identical 
and 93% are similar (Fig. 2A). The comparison of BLTlOl 

RCIZA 

AGAGTAAAGAAGATAAAAAACACAATTTTGA 30 

AGCTTTTATAATATTTTCTCAGAAACTTTTCAAAGAGCTTAGAAAA 75 

ATGAGTACAGCTACTTTCGTTGATATTATTATCGCCATCCTCTTG 120 
M S T A  T F V D I I I A I L L 15 

CCTCCACTCGGTGTCTTTCTCAGATTGGTTGGTTGCGGGGTTGAGTTI 165 
P P L G V F L R F G C G V E F 30 

TGGATATGTTTGGTTTTGACGCTACTTGGGTATATTCCTGGGATC 210 
W I C L V L T L L G Y  I P G  I 45 

ATATACGCCATTTATGTCCTCACCAAATGATTTACCAT~TAT~AT 255 
I Y A I Y V L T K  54 

CATCTCCTTGAACAGCTGTTCCGTCGTGTTCTCCTATCTTTGTGA 300 

CTGATTCAGCGTTTCCTTTTCTTTCATCAGAGTTTTTATGTTTCA 345 

AGTAATTTAATTAATCATCACTGTTGTGTTTGCATTGTTATATAA 390 

ATGTTGTGTTGATATAAMGAAGAGAGCGTTGGTTTGTACTTTGT 435 

GTGAAGATTTTTTAAAAATATAGTTGGTTTATTACAATA 474 

RCIZB 

CCACGCGT 8 

CCGCAGCATAATAAATATTTTCTTTGAAATTTGAAGAGCTTG- 53 

ATGAGTACAGCCACTTTCGTAGAGATTATTCTTGCTATCATCTTG 98 
M S T A T F V E I I L A I I L  15 

CCTCCTCTCGGCGTCTTTCTCAAATTTGGTTGCAAGGTTGAGTTT 143 
P P L G V F L K F G C K V E  F 30 

TGGATATGTTTGATTTTGACGCTGTTTGGTTATCCCGGAC 188 
W I C L I L T L F G Y L P G I  45 

CTTTACGCTCTTTATATCATCACCRAGTOATTTTTCCTATCTCCT 133 
L Y A L Y I I T K  54 

CTGTTCTTTCCTCTTGCTCCTCGAAGAACAGCTGTTTCGTCGTGC 178 

TCTTCTCCCTTTGGGACTGATTCATCATTTATTTTATGTTATGAG 223 

CAATTGTATTCTCATTGTTGTATTTGCATTATTGTATACTTTCCT 268 

GCTGACATCAAG 380 

Figure 1. Nucleotide sequences of RCUA and RCIZB cDNAs. NU- 
cleotides in bold correspond to the putative initiation and termina- 
tion codons. 

and ES13 with RCI2B revealed that 61% of their amino acids 
are identical and 98% are similar (Fig. 2A). 

The genomic organization of RCl2A and RCI2B was an- 
alyzed by DNA-blot hybridizations. Genomic DNA from 
Arabidopsis ecotype Col was purified and digested with 
EcoRI, XbaI, and HindIII. The probes used in these experi- 
ments were DNA fragments corresponding to the 3' un- 
translated regions of RCI2A and RCI2B (see "Materials and 
Methods"). The results obtained revealed that each probe 
hybridized strongly with a single restriction fragment in 
each digestion, demonstrating that they are able to specif- 
ically recognize the corresponding gene without producing 
cross-hybridization (Fig. 3). The fact that specific probes 
recognizing RC12A and RC12B genes hybridized with a 
5-kb common EcoRI restriction fragment strongly sug- 
gested that both genes were localized in such a fragment. 
The cloning and characterization of the fragment allowed 
us to confirm that this is the case (data not shown). 
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RCI2A MSTATFVDIIIAILLPPLGVFLRFGCG 27
RCI2B MSTATFVEIILAIILPPLGVFLKFGCK 27
BLT101 MGSATVLEVILAIILPPVGVFLRYKLG 27
ESI3 MGSATVLEVILAIILPPVGVFLRYKLG 27

RCI2A VEFWICLVLTLLGYIPGIIYAIYVLTK 54
RCI2B VEFWICLILTLFGYLPGILYALYIITK 54
BLT101 VEFWICLLLTILGYIPGIIYAVYVLVV 54
ESI3 VEFWICLLLTILGYIPGIIYAVYVLVV 54

B
RCI2A

hydrophobic

hydrophilic
10 20 30 40 50

amino acid position
RCI2B

hydrophobic

hydrophilic

amino acid position

Figure 2. Deduced amino acid sequences of RCI2A and RCI2B
proteins. A, Sequence alignment between the RCI2A and RCI2B
proteins of Arabidopsis and the related proteins BLT101 from barley
(Goddard et al., 1993) and ESI3 from L. elongatum (Gulik et al.,
1994). Underlined amino acids indicate putative transmembrane
domains. Amino acid residues identical to the Arabidopsis RCI2A
protein sequence are indicated by asterisks. Similar amino acids are
marked by points. B, Hydropathic plots of RCI2A and RCI2B proteins,
as determined by the method of Kyte and Doolittle (1982), using a
window of five amino acid residues.

Regulation of RCI2 Gene Expression by Low Temperature
at Different Stages of Development and in Different
Organs of Arabidopsis

To determine whether the expression of RCI2 genes is
induced by low temperature at different stages of devel-
opment, poly (A)+ RNA was prepared from 4-day-old eti-
olated seedlings and leaves from 4-week-old plants of Ara-
bidopsis exposed to 4°C during different periods of time.
RCI2A and RC/2B transcripts were identified by RNA-blot
hybridizations with the specific probes described above.

In etiolated seedlings both RCI2A and RC/2B mRNAs
accumulated with very similar kinetics in response to low
temperatures (Fig. 4A). An increase of RC/2 transcript lev-
els was already detectable after 12 h of low-temperature
exposure, reaching the maximal levels of accumulation
after 24 h. This increase was transient, since transcript

levels started to decrease after 1 d of 4°C treatment. At the
time of maximal induction (24 h), RCI2A and RCI2B
mRNAs accumulated up to 10 times the basal levels (Fig.
4A). Transcripts corresponding to RC12A and RCI2B also
accumulated with a similar pattern in leaves of Arabidop-
sis exposed to low temperature, and this pattern paralleled
that shown by etiolated seedlings (Fig. 4B). Taken together,
these results indicate that in Arabidopsis low temperature
induces a transient accumulation of both RCI2A and RCI2B
transcripts independently of the developmental stage of
the plant.

To analyze the accumulation of RCI2A and RCI2B
mRNAs in different organs of Arabidopsis in response to
low temperature, poly(A)+ RNA was extracted from roots,
stems, flowers, and siliques of 8-week-old plants that had
been exposed to 4°C for 1 d. As controls, poly(A)+ RNAs
from the same organs of 8-week-old plants grown at 20°C
were also isolated. RNA-blot hybridizations were carried
out with the specific probes used in previous experiments.
The results obtained showed that RC12A transcripts accu-
mulated in response to low-temperature treatment in all of
the organs that were analyzed (Fig. 5). However, maximal
accumulation levels were different for each organ, with the
highest levels in stems and the lowest in roots. The RCI2B
mRNA accumulated in stems, flowers, and siliques of
plants exposed to 4°C, but not in roots, where RC/2B ex-
pression was constitutive (Fig. 5). The maximal level of
accumulation was in stems and the minimal in siliques.
Thus, the expression of RCI2A and RCI2B genes is differ-
entially regulated by low temperature in different organs
of Arabidopsis.

RCI2A RCI2B

E X II E X H

-

-23.1-

- 9.6-

- 6.7-

- 4.4-

- 2.3-

- 2.0-

*•

Figure 3. Genomic organization of RCI2A and RCI2B genes. DNA-
blot hybridizations of Arabidopsis genomic DNA (4 /u.g) digested with
fcoRI (E), Xba\ (X), and H/ndlll (H). The specific probes used were the
3' fragments of RCI2A and RCI2B cDNAs described in "Materials and
Methods." The position of molecular size markers is indicated in the
center of the figure.
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4'C

RC12A

4«C

RC12B

B
4'C

RCI2A

4°C

RC12B

Figure 4. Low-temperature-induced accumulation of RCI2A and
RCI2B transcripts in different developmental stages of Arabidopsis.
RNA-blot hybridizations were performed with poly(A)+ RNA (1 îg
per lane) isolated from seedlings or leaves that had been exposed to
4°C for the indicated time. The specific probes used were the 3'
fragments of RCI2A and RCI2B cDNAs described in "Materials and
Methods." A, Accumulation of RCI2A and RCI2B rnRNAs in 4-d-old
etiolated seedlings. B, Accumulation of RCI2A and RCI2B mRNAs in
leaves from 4-week-old plants.

The Expression of RCI2 Genes Is Regulated by
ABA and Dehydration

Most cold-regulated genes are also responsive to other
related treatments such as ABA, water stress, salt stress, or
anaerobiosis (Hughes and Dunn, 1996). To determine
whether the accumulation of RCI2 mRNAs was specifically
regulated by low temperature or was also responsive to
other signals, 4-d-old etiolated seedlings were sprayed
with 100 JUM ABA, treated with 250 HIM NaCI, exposed to
anaerobiosis for 24 h, or dehydrated until losing 50% of
their initial fresh weight. Poly(A)+ RNAs isolated from
these seedlings, from seedlings sprayed with the solvent
used to solubilize ABA, and from 5-d-old untreated control
seedlings were used to perform RNA-blot hybridizations
with RCI2A- and RC/2B-specific probes. Figure 6 shows
that RC/2 transcripts accumulated in response to ABA and
dehydration, attaining levels similar to those obtained in
response to low temperature (see above, Fig. 4). In contrast,
RC/2 transcripts did not accumulate in response to salt
stress or anaerobiosis (Fig. 6).

As positive controls for the treatments, hybridizations
with an RD29A probe, which recognizes two homologous
Arabidopsis genes inducible by water and salt stress
(Yamaguchi-Shinozaki and Shinozaki, 1993), and an ADH
probe, which recognizes a gene from Arabidopsis that is
induced by anaerobiosis (Chang and Meyerowitz, 1986),

Root
C 4»C

Stem
C 4°C

Flower
C 4»C

RCI2A

Root

C 4°C

Stem Flower
C 4°C C 4°C

RC12B

Figure 5. Accumulation of RCI2A and RCI2B transcripts in different
organs of Arabidopsis in response to low temperatures. RNA-blot
hybridizations were performed with poly(A)+ RNA (1 /ng per lane)
isolated from roots, stems, flowers, and siliques of 8-week-old plants
that had been grown at 22°C (C) or exposed to 4°C for 24 h (4°C). The
specific probes used were the 3' fragments of RCI2A and RCI2B
cDNAs described in "Materials and Methods."

were also performed (Fig. 6). These results show that the
accumulation of RCI2 transcripts is also promoted by ABA
and water-stress treatments but is not a general response to
stress conditions, since it is not induced by other treat-
ments such as salt stress or anaerobiosis.

An important question raised by the finding that RC12
transcripts accumulated in response to exogenous applica-

Cl ABA C. DE NaCI AN C2

RC12A

RC12B

RD29

ADH

Figure 6. Effect of different stresses and treatments on the expression
of RCI2A and RCI2B. RNA-blot hybridizations were performed with
poly(A)+ RNA (1 /ig per lane) isolated from 4-d-old etiolated seed-
lings that had been exposed to different stresses and treatments. The
probes used were the 3' fragments of RCI2A and RCI2B cDNAs, and
the fragments of the RD29A and ADH genes described in "Materials
and Methods." C1, Control 4-d-old etiolated seedlings; ABA, 4-d-old
seedlings harvested 3 h after being sprayed with 100 JJ.M ABA; CABA,
4-d-old seedlings harvested 3 h after being sprayed with the ABA
solvent; DE, 4-d-old seedlings dehydrated until losing 50% of their
fresh weight; NaCI, 4-d-old seedlings exposed to a solution of 250
HIM NaCI for 24 h; AN, 4-d-old seedlings exposed to anaerobiosis for
24 h; and C2, control 5-d-old etiolated seedlings.
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Ler
C 4°C

abal abil
C 4°C C 4°C

RC12A

Ler abal abil

C 4°C C 4°C C 4°C

RCI2B

Figure 7. Accumulation of RCI2A and RCI2B transcripts in aba! and
abil mutants in response to low temperature. RNA-blot hybridiza-
tions were performed with poly(A)+ RNA (1 y.% per lane) isolated
from 4-d-old etiolated seedlings of aba! and ab/1 mutants grown at
22°C and then exposed to 4°C for 24 h (4°C) or maintained at 22°C
for 1 additional d (C). Ler corresponds to the wild-type genetic
background of the mutants. The specific probes used were the 3'
fragments of RCI2A and RCI2B cDNAs described in "Materials and
Methods."

tion of ABA was whether the cold-regulated expression of
the corresponding genes is mediated by ABA. As a first
step to answering this question, we examined the RCI2
mRNA levels in the abal and abil mutants of Arabidopsis
after low-temperature exposure. Poly(A)+ RNAs were iso-
lated from 4-d-old etiolated seedlings of Ler ecotype and
abal and abil mutants that had been exposed to 4°C for 1
additional d, as well as from 5-d-old Ler, abal, and abil
control etiolated seedlings. RNA-blot hybridizations with
the specific RCI2 probes showed that the accumulation of
both RCI2A and RCI2B transcripts in cold-treated Ler and
abil seedlings increased by 10-fold (Fig. 7), which was very
similar to that observed in etiolated seedlings of the Col
ecotype (Fig. 4). In abal seedlings the levels of RC/2A
mRNA after low-temperature exposure were only 70% of
those detected in the Ler and abil mutants (Fig. 7). The
levels of RC/2B mRNA in both control and cold-treated
abal seedlings were one-half of those found in the Ler or
abil mutant (Fig. 7). These observations suggest that ABA
is partially required for the accumulation of RC/2 tran-
scripts in seedlings subjected to low temperature in a path-
way that does not require ABU.

DISCUSSION

The process of cold acclimation is associated with intri-
cate physiological and biochemical changes that are medi-
ated through changes in the levels of mRNAs and proteins.
The complexity of this process is exemplified by the num-
ber of different cold-responsive genes that have been iso-
lated from various plant species (Thomashow, 1994;
Hughes and Dunn, 1996). For most of these genes the
transcript levels increase dramatically in response to low
temperatures and remain high for as long as the plants are
exposed to them. However, these genes are not represen-
tative of all low-temperature-responsive genes, since the
techniques employed to isolate them do not always iden-
tify genes expressed at medium-low levels or genes tran-

siently expressed during cold acclimation. We have used a
subtracted probe to identify two additional Arabidopsis
cDNA clones, RC12A and RCI2B, corresponding to tran-
scripts induced at medium levels in cold-acclimated plants.

Sequence analyses and DNA-blot hybridizations indicate
that RC12A and RCI2B are very homologous genes consti-
tuting a small gene family contained in a 5-kb EcoRI frag-
ment. Their high degree of homology suggests that they
probably arose by duplication of the same ancestral gene.
The same origin has been proposed for four pairs of Ara-
bidopsis low-temperature-responsive genes, in which the
homologous genes are arranged in tandem in the genome;
they are kinl and cor6.6/kin2 (Gilmour et al., 1992; Kurkela
and Borg-Franck, 1992), corl5a and corl5b (Wilhelm and
Thomashow, 1993), W78/rd29A/cor78 and W65/rd29B (Nor-
din et al., 1991; Horvath et al., 1993; Yamaguchi-Shinozaki
and Shinozaki, 1993), and Iti45/lti29 and cor47 (Welin et al.,
1994). It is interesting that in each case both homologous
genes have diverged in their regulation by low tempera-
ture, suggesting they have different roles in cold acclima-
tion or freezing tolerance. In this way, Smith (1990) sug-
gested that phenotypic plasticity of plants in response to
different environmental factors might be due to the differ-
ential expression of different members of gene families.

The analyses of expression patterns showed that the
cold-inducible expression of both RC/2 A and RCI2B during
Arabidopsis development is very similar and not stage-
specific, since they are induced in etiolated seedlings as
well as in adult plants. However, the expression of RC/2
genes is differentially regulated by low temperature in
different organs of the plant. In contrast to the stable ac-
cumulation kinetics showed by the transcripts correspond-
ing to most cold-regulated genes characterized in Arabi-
dopsis (Thomashow, 1994; Hughes and Dunn, 1996), the
accumulation of RC/2 transcripts by low temperature is
transient, reaching the maximal levels after 24 h of expo-
sure. This accumulation pattern suggests that RC/2 genes
should be involved in responses that are transiently pro-
duced when plants are exposed to low temperatures. The
expression of RC/2^4 and RC/2B is not regulated by anaer-
obiosis, which allows us to discard the possibility that the
accumulation of RC/2 mRNAs by cold treatment is a con-
sequence of the anaerobic metabolism transiently pro-
duced by low temperatures (Jarillo et al., 1993). Further-
more, transcripts corresponding to RC/2A and RC/2B do
not accumulate in response to salt stress, which differenti-
ates them from other cold-responsive genes such as kin2
(Kurkela and Borg-Franck, 1992), lti78/rd29A/cor48, or Iti65/
rd29B (Yamaguchi-Shinozaki and Shinozaki, 1994). How-
ever, the two RC/2 genes, like most of the cold-inducible
genes (Thomashow, 1994; Hughes and Dunn, 1996), are
induced by drought, a treatment that has been shown to
increase plant freezing tolerance (Cloutier and Simino-
vitch, 1982; Chen and Gusta, 1983; Mantyla et al., 1995).
Since both low temperature and drought can be considered
to be dehydration stresses (Steponkus, 1984), it is therefore
reasonable to imagine that they can induce common gene
products.

We have also found that the levels of RCI2A and RC/2B
transcripts increase in response to ABA, another treatment
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that enhances freezing tolerance (Chen and Gusta, 1983) 
and induces the expression of the majority of cold- 
inducible genes (Hughes and Dunn, 1996). Endogenous 
levels of ABA have been shown to transiently increase in 
response to low temperature and water stress (Lang et al., 
1994) with kinetics that parallel those of the cold-induced 
RC12 mRNA accumulation. This suggests that ABA could 
be responsible, at least in part, for the accumulation of RC12 
mRNAs in response to low temperature and drought. The 
accumulation of RC12 mRNAs in the abiZ mutant is identi- 
cal to that occurring in Ler, indicating that ABIl is not 
required for mediating the low-temperature response. Ac- 
cumulation of RCl2A and RCI2B mRNAs in the aba1 mu- 
tant is reduced with respect to the wild type. Moreover, 
this reduction is higher in RCI2B than in RCI2A transcripts, 
indicating that the ABA-independent pathway is the most 
important for the accumulation of RCI2A mRNA in re- 
sponse to low temperature. In RC12B mRNA it seems that 
both the ABA-dependent and -independent pathways are 
required to achieve full cold-induced accumulation. In con- 
clusion, RC12 genes are induced by low temperature in abil 
and aba2 mutants, indicating that, as described for other 
cold-responsive genes (Nordin et al., 1991; Gilmour and 
Thomashow, 1991), the accumulation of RCT2 mRNAs by 
low temperature is regulated by at least two different 
signal transduction pathways, one ABA dependent and the 
other ABA independent. 

A database search revealed that RCI2A and RCIZB are 
highly similar to BLT101 and ES13 proteins f rom barley and 
L. elongatum, respectively. These proteins have identical 
sequences and are encoded by genes regulated by different 
treatments. ES13 expression is induced by osmotic stress, 
salt stress, and ABA treatment, but its response to low 
temperature has not been described (Gulik et al., 1994). On 
the other hand, BLTZOZ mRNA accumulates in response to 
low temperature but not in response to drought or ABA. 
However, BLTlOZ does not respond transiently to low tem- 
perature as RC12 genes do, but respond a11 the time that 
low temperature is maintained (Goddard et al., 1993). 

RC12 genes are two of the few cold-induced genes iden- 
tified in plants that encode hydrophobic proteins. They 
contain two potential membrane-spanning domains, as 
predicted by the method of Klein et al. (1985), and they 
could be integral membrane proteins. The first transmem- 
brane domain, the amino terminal one, contains three con- 
secutive polar amino acids in its 3’ region, whereas the 
second contains seven scattered polar amino acids. A sim- 
ilar distribution of polar amino acids is frequently found in 
transmembrane domains that interact with other mem- 
brane proteins (Lewin, 1994). Although we do not know 
the kind of membrane to which RC12 proteins are directed, 
the absence of signals for organelle targeting suggests that 
their final destination could be the plasma membrane, 
which is considered to be a primary site of injury during 
freezing (Lyons, 1973). In this way they could play a role in 
maintaining membrane function andl or integrity in water- 
stressed situations provoked by low temperatures, freez- 
ing, or other environmental conditions that reduce water 
availability. Alternatively, they could interact with other 
membrane proteins to maintain the hydric equilibrium of 

the cells. Phenotypic analyses of transgenic plants over- 
expressing RCI2 mRNAs in both sense and antisense 
orientations would help to elucidate the role of these 
genes during cold acclimation and the function of the 
corresponding proteins in the development of freezing 
tolerance. 
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