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Abstract 

Plant cold acclimation is correlated to expression of low-temperature-induced (lti) genes. By using a 
previously characterized lti cDNA clone as a probe we isolated a genomic fragment that carried two 
closely located lti genes of Arabidopsis thaliana. The genes were structurally related with the coding re- 
gions interrupted by three similarly located short introns and were transcribed in the same direction. The 
nucleotide sequences of the two genes, lti78 and lti65, predict novel hydrophilic polypeptides with mo- 
lecular weights of 77 856 and 64510, respectively, Iti78 corresponding to the cDNA probe. Of the 710 
amino acids of LTI78 and 600 amino acids of LTI65, 346 amino acids were identical between the 
polypeptides, which suggests that the genes may have a common origin. 

Both lti78 and lti65 were induced by low temperature, exogenous abscisic acid (ABA) and drought, 
but the responsiveness of the genes to these stimuli was markedly different. Both the levels and the 
temporal pattern of expression differed between the genes. Expression of lti78 was mainly responsive to 
low temperature, that of lti65 to drought and ABA. In contrast to the induction of lti78, which follows 
separate signal pathways during low-temperature, ABA and drought treatment, the drought induction 
of lti65 is ABA-dependent and the low-temperature induction appears to be coupled to the ABA bio- 
synthetic pathway. This differential expression of two related genes may indicate that they have some- 
what different roles in the stress response. 

Introduction 

Several plant species are able to cold-acclimate, 
i.e. they can increase their tolerance to extracel- 
lular freezing. This cold acclimation process and 

the resulting increase in frost hardiness is induced 
by an exposure of the plant to low but non-freezing 
temperatures [ 18, 31 ]. The response is relatively 
rapid, e.g. the freezing tolerance of Arabidopsis 
thaliana can be increased from the -4  °C of an 

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under 
the accession numbers X67670 (lti65) and X67671 (lti78). 
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unacclimated plant to about -10 °C by a five- 
day exposure to low temperature (4 °C) [7, 17]. 
Apart from the exposure to low temperature, in- 
creased freezing tolerance can also be achieved 
by drought treatment [4] and by exogenous ab- 
scisic acid (ABA) [3, 22, 23], indicating a close 
relationship between freezing and drought stress 
and involvement of ABA in mediating these stress 
responses. In nature, lethal freezing injury ap- 
pears to be connected to cellular dehydration, as 
the formation of ice crystals during extracellular 
freezing causes a movement of water out of the 
cells [ 18]. 

The cold adaptation process that takes place 
during low-temperature exposure is accompanied 
by a variety of metabolic changes. These include 
cold-induced alterations in the protein synthesis 
pattern as well as changes in gene expression (for 
reviews [ 10, 35]). The changes in gene expression 
are detectable already during the first hours of 
cold acclimation and the synthesis of novel pro- 
teins starts during the first day at 4 ° C [ 11, 15, 17, 
26]. Recently several low-temperature-induced 
genes have been cloned and analysed and infor- 
mation about the amino acid sequences of the 
proteins encoded by some of these genes has been 
obtained [2, 8, 15, 16, 22, 26, 27]. However, the 
functions of the corresponding proteins are still 
unknown, and their possible role in the cold ac- 
climation process has not been demonstrated. 
Still, the finding that proteins encoded by two 
cold-induced genes (kinl and kin2 or cor6.6) in 
A. thaliana [8, 15, 16] show similarity to anti- 
freeze proteins from arctic fish suggests that at 
least some of the proteins appearing during the 
cold treatment may have a direct function in freeze 
protection. Some of the other low-temperature- 
induced polypeptides share limited [8] or ex- 
tended [21] similarity with the drought-induced 
RAB / LEA / DEHYDRIN (responsive to ABA 
/ late embryogenesis-abundant / dehydration- 
induced) class of polypeptides [5, 33], in accor- 
dance with the suggested relatedness of the freez- 
ing and drought stress responses. The observation 
that most of the low-temperature-induced genes 
isolated so far indeed respond to all three stim- 
uli, low temperature, drought and elevated ABA 

concentration [11, 15, 16, 21, 23, 26], supports 
this concept of relatedness between the stress re- 
sponses. 

We have previously isolated and characterized 
a cDNA clone corresponding to a low-tempera- 
ture-induced gene lti140 of A. thaliana [26]. The 
expression of this gene is induced by low temper- 
ature, exogenous ABA and drought, the induction 
by low temperature being clearly the most prom- 
inent. The responses to these different stimuli 
seem to follow separate signal pathways, as the 
low-temperature-induced expression is com- 
pletely and the drought induction partly indepen- 
dent of ABA [26]. 

Analysis of a genomic clone carrying the lti140 
gene presented in this paper revealed the presence 
of two closely linked and structurally related 
genes, one of which was lti140 (renamed 1ti78). 
The second gene was shown to encode a polypep- 
tide similar to but not identical with the protein 
encoded by lti78. In this paper we report the se- 
quences and the structure of these two genes and 
their gene products. Furthermore, we show that 
although both of the genes respond to the same 
stimuli (low temperature, ABA and drought), the 
responsiveness of the genes to these stimuli is 
markedly different, as are the signal pathways 
employed. 

Materials and methods 

Plant material and growth conditions 

The following genotypes of Arabidopsis thaliana 
(L.) Heynh. were used: the wild types Columbia 
and Landsberg erecta, and the ABA mutants 
aba-1 (defective in ABA biosynthesis) [12] and 
abi-1 (ABA-insensitive) [13]. The growth condi- 
tions and various stress treatments were as de- 
scribed by Nordin etaL [26]. In short, low- 
temperature treatment was performed by 
transferring the plants to 4 °C day/2 °C night. 
For ABA treatment a stock solution of ABA was 
added to the growth medium to give a final con- 
centration of 60 #M. Drought treatment was done 
by removing the lid of the tissue culture plates. 



Screening of  genomic library, cloning and sequenc- 
ing 

25 000 clones from a 2EMBL4 genomic library of 
Arabidopsis thaliana were blotted on nitrocellulose 
filters and screened using the previously isolated 
1.2 kb partial cDNA fragment corresponding to 
a low-temperature-induced gene Iti140 [26] as a 
probe. The filters were hybridized at 65 °C in 
6× SSC, 1% SDS, 5 × Denhardt's solution and 
0.1 mg/ml herring sperm D N A  and washed twice 
for 30 min at 65 ° C with 1 × S S C and 0.1% S D S. 
Of  the clones hybridizing to the probe, one with 
a 15 kb insert was chosen for further analysis. 
Restriction fragments and overlapping deletion 
products of the genomic insert were subcloned 
into pBluescript S K ( + )  and K S ( + )  vectors 
(Stratagene, La Jolla, CA) and sequenced by 
the chain termination method of Sanger et al. 
[32] using the Sequenase (USB, Cleveland, Ohio) 
sequencing system. Sequence data were ana- 
lyzed using the P C G E N E  and Intelligenetics 
programs. 

Primer extension 

The transcription start of  the two genes contained 
in the genomic clone was determined by primer 
extension analysis. For the 1ti78 gene, 1 #g of 
poly(A) + RNA from low-temperature-treated 
and control plants was hybridized to an oligonu- 
cleotide (5 ' -CAAAGATTTTTTTCTTTCCAA- 
TAGAAGTAA-3 ' )  corresponding to the com- 
plementary strand of the bases + 48 to + 77 of 
the gene. For the lti65 gene, the oligonucleotide 
(5' - CAAAGCTGTGTTTTCTCTTTTTCAAG-  
TGAA-3 ' )  corresponding to the complementary 
strand of the bases + 52 to + 81 was hybridized 
to 5 #g of poly(A) + RNA from ABA-treated and 
control plants. The oligonucleotides were pur- 
chased from Operon Technologies, Inc. (Alame- 
da, CA) and used in an unpurified form. The 
extension reactions were performed using the 
first-strand synthesis reaction from a cDNA syn- 
thesis kit (Amersham, Buckinghamshire, UK). 
The elongation products were separated on an 
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8 ~ polyacrylamide gel alongside with D N A  se- 
quencing reactions performed using the same 
primers as for the primer extension reactions and 
compared to sequences produced from the 5' 
ends of the respective genes. 

First-strand cDNA synthesis and polymerase chain 
reactions 

To amplify c D N A  corresponding to the 5' part of 
Iti78, the first strand of the cDNA was first syn- 
thesized from 1 #g of poly(A) + RNA from low- 
temperature-treated plants with a reverse tran- 
scriptase reaction and reagents from a cDNA 
synthesis kit (Amersham). Part of the resulting 
single-stranded D N A  was amplified in a PCR 
reaction using an oligonucleotide (5 ' -TGGAC- 
C A T G G A T C A A A C A G A G G A A C - 3  ' ) corre- 
sponding to bases + 76 to + 100 as the 5'-end 
primer and an oligonucleotide (5 '-CTCAT- 
G A C T T C T C A C C G G A A - 3 ' )  corresponding to 
the complementary strand of the bases + 1542 to 
+ 1561 as the 3'-end primer. Two bases in the 
5' -end primer differ from the sequence in the gene, 
because an Nco I restriction site was created in 
the primer to facilitate the cloning of the PCR 
product. The reaction was performed with 40 cy- 
cles, each consisting of 30 s at 93 °C, 30 s at 
50 °C and 3 min at 72 ° C. 

The cDNA corresponding to lti65 was synthe- 
sized as the lti78 cDNA, except that poly(A) + 
RNA from ABA-treated plants was used as a 
template in the first-strand synthesis. The 5' part 
of the cDNA was amplified by PCR using an 
oligonucleotide ( 5 ' - T G G A C C A T G G A G T C A -  
CAGTTGACAC-3 ' )  corresponding to bases 
+ 80 to + 104 as the 5'-end primer and an oli- 

gonucleotide (5 ' -AATGATACAGGCTCAAT-  
3'), corresponding to the complementary strand 
of  the bases + 648 to + 664, as the 3'-end primer. 
An Nco I site was created in this 5'-end primer, 
too. The reaction was performed with 25 cycles, 
consisting of  20 s at 93 o C, 30 s at 45 ° C and 45 s 
at 72 ° C. 
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RNA extraction and northern analys& 

Total RNA was isolated from shoots of A. tha- 
liana plants according to Logeman et al. [20] or, 
alternatively, Verwoerd etal. [36]. Poly(A) + 
RNA used for primer extension and cDNA syn- 
thesis was purified on an oligo-dT cellulose col- 
umn. For northern analysis, total RNA (10 #g per 
lane) was separated on denaturing formaldehyde- 
agarose gels and blotted onto nylon filters which 
were prehybridized at 65 °C in 5 × SSPE (1 x 
SSPE = 180 mM NaC1, 1 mM NaH2PO4, 1 mM 
EDTA pH 7.4), 5 × Denhardt's solution, 0.2% 
SDS and 0.5 mg/ml denatured herring sperm 
DNA. Hybridizations were performed overnight 
in the same solution with an addition of a probe 
labelled with ~32p-dATP by a multiprime reac- 
tion. The probe used to detect the lti78 transcript 
was the previously isolated cDNA fragment [26] 
corresponding to bases + 1414 to + 2618 of the 
lti78 gene. The probe homologous to the lti65 
transcript was a 450 bp fragment corresponding 
to bases + 1612 to + 2065 of the Iti65 gene. After 
hybridization the filters were washed twice for 
30 min with 0.5 x SSC, 0.5% SDS at 65 °C. 

Results 

Isolation and structure of  the low-temperature- 
induced genes lti78 and lti65 

A genomic library ofA. thaliana in 2EMBL4 was 
screened with a c D N A  fragment corresponding 
to a low-temperature-induced gene in A. thaliana, 
previously named lti140 [26]. Out of the 25 000 
plaques screened, four clones hybridizing to the 
probe were found. One of these partly overlap- 
ping clones, containing an insert of 15 kb, was 
subjected to further analysis: 7.5 kb of this ge- 
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Fig. 1. Physical organization of the lti78 and lti65 genes. The 
open reading frames are shown with open bars, the introns 
with black bars and the 5 ' -  and 3'-untranslated regions with 
striped bars. The restriction sites shown are Bgl II (B), Hin- 
d III (H), Eco RI (El), Eco RV (EV) and S a i l  (S). The loca- 
tion of the DNA fragments used as probes in northern blot 
hybridizations are indicated as lines below the DNA fragment. 

nomic fragment was subcloned and sequenced. 
The insert proved to contain two distinct but re- 
lated genes separated by 1.7 kb (Fig. 1), the 
downstream gene corresponding to the ltil40 
cDNA. The nucleotide and the deduced amino 
acid sequences of the two genes are shown in 
Figs. 2 and 3. The predicted molecular weight for 
the 710 amino acid polypeptide encoded by the 
downstream gene was 77 856 and that for the 
600 amino acid polypeptide encoded by the up- 
stream gene was 64 510. The genes were therefore 
named lti78 (previously lti140) and lti65, respec- 
tively. 

The coding regions of lti78 and lti65 were in- 
terrupted by three introns (Figs. 1, 2 and 3). The 
exact location of the introns was determined by 
sequence comparison of genomic and cDNA 
clones and by comparing the sequences at the 
putative splice sites to published consensus se- 
quences at intron splice sites. The cDNA for 1ti78 
was synthesized by reverse transcription of low- 
temperature-induced poly(A) + RNA and the 
cDNA for lti65 using poly(A) + RNA derived 
from ABA-treated plants, amplified by PCR and 

Fig. 2. The DNA sequence and deduced amino acid sequence of the 1ti78 gene. The DNA sequence of lti78 is shown from the 
transcription start site at position 1 to base 2618 which corresponds to the last nucleotide before the poly(A) tail in the corresponding 
cDNA clone. The putative polyadenylation signal (AATAAA) is underlined. Oligonucleotides used as primers in primer extension 
analysis and PCR are indicated with arrows under the DNA sequence. The nucleotide sequence and the predicted amino acid 
sequence of lti78 differs slightly from the previously reported cDNA sequence [26]. The differences are found at the nucleotide 
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1 cacaaatatgcaaactagaaaacaatcatcaggaataaagggtttgattacttctattggaaagaaaaaaatctttggaaaATGGATCAAACAGAGGAAC 
M D Q T E E 

i01 CACCACTCAACACACACCAGCAGCACCCAGgtagattctaatttcagaaacttata~tttttttaagtgacaatcctctgaatttacttaaacttattgt 
P P L N T H Q Q H P 

201 gat~tatggatacagAAGAAGTTGAACATCATGAGAATGGTGCGACTAAGATGTTTAGGAAAGTAAAGGCTAGAGCTAAGAAGTTCAAGAACAGTCTCAC 
E E V E H  H E N G A T K M F R K V K A R A K K F K N  S LT 

301 TAAACATGGACAAAGCAATGAGCATGAGCAAGATCATGATTTGGTTGAAGAAGATGATGATGATGACGAGC TAGAACC TGAAGTGATCGATGCAC CAGg t 
K H G Q S N E H E Q D H D L V E E D D D D D E L E P E V I  D A P  

401 tactttcttttgtagtttca~tcaacttatgatctaaaaactattggttattcaattttgcgtgacattaacggtttggtatctgtatatgcagGCGTAA 
G V 

501 CAGGTAAACCTAGAGAAACTAATGTTCCAGCATCGGAGGAAATTATTC CAC CAGGGACAAAGGTGTTTCC TGTCGTGTC TTCCGATTACACCAAAC CCAC 
T G K P R E T N V P A S E E I  I P P G T K V F P V V S  S D Y T K P T  

601 TGAATC TGTACCAGTACAAGAGGCCTC TTACGGACACGATGCAC CGG C TCATTC TGTAAGGACGACGTTTACATCGGACAAGGAAGAGAAAAGAGATGTA 
E S V  P V Q E A  S Y G H D A P A H  S V R T T F T S  D K E E  K R D V  

701 CCGATTCATCATC CTCTGTCCGAATTGTCAGACAGAGAAGAGAGTAGAGAGACTCATCATGAGTCATTGAACAC TC CGGTC TCTC TGCTTTC T(]GAACAG 
PI HH PL S E L S D R E E S R E T H H E S L N T P V S L L  S G T  

801 AGGAT(] TAACGAGTACGTTTGCTC CAAGTGGTGATGATGAATATC TTGATGGTCAACGGAAGGTCAACGTCGAGAC C CCGATAACGTTGGAGGAAGAG TC 
E D V T S  T F A  P S G D D E Y L D G Q R K V N V E T P I  T L E E E S  

901 GGCTGTTTCAGACTATCTTAGTGGTGTATCTAATTATCAGTCCAAAGTTACTGATCCCACCAAAGAAGgt aagaac t t t gacc t t t t aagat 5gt gt t t t 
A V S D Y L S G V S N Y Q S K V T D P T K E 

I001 tctttagtgattatgaatatgtaataactctgttacgttgtgtttggtttagAAACT(]GAGGAGTACCGGAGATTGCTGAGTCTTTTGGTAATATGGAAG 
E T G G V P E I A E S F G N M E 

ii01 TGACTGATGAGTC TC CTGATCAGAAGC CAGGACAATTTGAAAGAGACTTGTCGACGAGAAGCAAAGAATTCAAAGAGTTTGATCAGGACTTTGAC TCTGT 
V T D E S  P D Q K P G Q F E R D L S T R S K E F K E F D Q D F D S V  

1201 TCTCGGTAAGGATTCGCCGGCGAAATTTC CAGGTGAATCAGGAGTT(]TTTTC C CGGTGGGC TTTGGTGACGAGTCAGGAGCTGAGCTGGAAAAAGATTTT 
L G K D S  P A K F P G E S G V V F P V G F G D E S G A E L E K D F  

1301 CCGACGAGAAGTCATGATTTTGATATGAAGACTGAAACTGGAATGGACACGAATTCTCCATCAAGAAGC CATGAATTTGATCTGAAGACTGAATC TGGAA 
P T R S  H D F D M K T E T G M D T N S  P S R S H E F D L K T E S G  

1401 ACGACAAGAATTCTC CGATGGGCTTTGGTAGTGAATCAGGAGC TGAGCTGGAAAAAGAATTTGATCAGAAGAACGATTCTGGAAGAAACGAGTATTCGCC 
N D K N S  P M G F G  S E S G A E L E K E F D Q K N D S G R N E Y  S P 

1601 CCGACGGGATTTGACGGAGAACCAGATTTTCTGGCGAAGGGAAGACCTGGATACGGTGAGGCATCAGAAGAGGATAAATTTCCGGCGAGAAGTGATGATG 
P T G F D G E P D F L A K G R P G Y G E A S E E D K F P A R S  DD 

1701 TGGAAG TAGAGACTGAGCTGGGAAGAGACCCAAAGACGGAGAC TC TTGATCAATTCTCAC CGGAAC TTTCTCATCC TAAAGAAAGAGATGAGTTTAAGGA 
V E V E T E L G R D P K T E T L D Q F S  P E L S H P K E R D E F K E  

1801 GTCCAGAGATGATTTTGAGGAGACGAGAGATGAGAAAACAGAGGAG CCAAAACAGAGCACTTACACAGAGAAGTTTGC TTCAATGC TAGGTTACTCCGGA 
S R D D F E E T R D E K T E E P K Q S T Y T E K F A S M L G Y  SG 

1901 GAAATTC CGGTGGGAGATCAAAC TCAAGTGGCGGGAACTGTTGATGAGAAGTTGACTCCGGTCAATGAGAAGGATCAAGAAACAGAGTC TGC CGTGACGA 
E I P V G  D Q T Q V A G T V D E K L T P V N E K D Q E T E  S A V T  

2001 CGAAGTTAC C TATC TCCGGAGGTGGAAGTGGAGTAGAGGAGCAACGAGGGGAAGATAAAAGTGTGTCGGGTAGAGATTATG TGGCGGAGAAAC TGACAAC 
T K L  PI S G G G  S G V E E Q R G E D K S V S G R D Y V A E K L T T  

2101 TGAAGAAGAAGACAAAGCC TTTTCTGATATGGTTGCCGAGAAACTTCAGATTGGAGGAGAAGAAGAGAAGAAGGAAACGACGACAAAGGAAGTGGAGAAG 
E E E D K A F $  D M V A E K L Q I G G E E E K K E T T T K E V E K  

2201 ATCTCTAC CGAGAAGGCAGCATCGGAGGAGGGTGAGGCGGTGGAAGAGGAAGTGAAAGGAGGAGGAGGAATGGTTGGGAGGATTAAAGGATGGTTCGGTG 
I S TE K A A  S E E G  E A V E E E V K G G G G M V G R  I K G W F G  

2301 GTGGTGCGAC TGATGAGGTGAAGC CAGAATCGCCACATTC TGTTGAAGAGGC TCCAAAATCATCTGGCTGGTTTGGTGG TGGTGCGACGGAGGAGGTGAA 
G G A T D E V K  P E S  P H S V E E A P K S  S G W F G G G A T E E V K  

2401 GcCAAAATCGCCTCATTCCGTq~3AAGAGTCTCCACAATCACTTGGCTCCACTGTTGTTCCGGTGCAGAAGGAGCTTTAAgaatatgagaactgagatttt 
P K S  PH S V E E S  P Q S L G S T V V P V Q K E L -  

2501 caagtttcactttggatgtttatgtgtgttttgtt•gacgtctttgatgtattatggtataattccttgtttgtgtgaaaaaaggacatttggttaataa 

2601 attgttcggctttggatt 

positions 1886-1888 of the l t i78  sequence, where a codon CTA (coding for leucin) is found, instead of  the codon CAT(coding  
for histidine) of  the c D N A  sequence, and in the amino acid position 561 of  LTI78, where there is a serine instead of the alanine 
residue, which was shown in the c D N A  sequence. These differences are due to errors made previously when sequencing and an- 
alyzing the cDNA.  
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1 agagacacgaaaag~aagaaaacaacactagaacaaagagggtttgattgattcacttgaaaaagagaaaa~acagct~t~aaaA~GAGTCACAG~ 
M E S Q L  

I01 ACA~GTC~TTA~GTCA~AGC~GCAG~G~TCAG~TTCAC~AT~AGgtatatatatatctatgacagaagattctaatttgagaacttttc 
T R P Y G H E Q A E E P I R I H H P  

201 tcttaatttgccttatttattgtgattcggatacag~G~G~GAGCATCA~AG~GGGAGCATCC~G~T~G~GTAAAAGAAAAGGCT~ 
E E E E H H E K G A S K V L K K V K E K A K  

3~GAAAATC~G~CAGTC~ACT~CA~G~GTCA~ATCACGA~TGG~GA~A~A~A~AGTA~ACGAGC~GACCCAG~GTTCACGGC 
K I K N S L T K H G N G H D H D V E D D D D E Y D E Q D P E V H G  

401 GCACCAGgttaatttctctgtattaaagtcctcgtcaatcagcagttatatttttttgtgtattaacggtttttctgtttttttatgtgtatgcacag~ 
AP V 

501 TA~TCC~CCG~AGAGG~G~T~CGGGT~CCT~GT~T~TTAGTCA~CCGGAGAAACT~CCGGCATCGGAGGAGA~TTCC~ 
Y E S S A V R G G V T G K P K S L S H A G E T N V P A S E E I V P  

601 CAGGGACAAAAGT~TTCC~TCG~TCTTC~ACCACACC~CCC~AG~TATCATTAC~GATACCTCTTACGGACA~AGGCAC~GC~A 
P G T K V F P V V S S D H T K P I E P V S L Q D T S Y G H E A L A D  

701 TCC~T~G~CGACGGAAA~ATCGGAC~GG~GCGAAAAGAGAGGCACCGAC~A~ATCCTCTCGGAG~TCAG~TTTT~AGACAGAGGAGAGAGC 
P V R T T E T S D W E A K R E A P T H Y P L G V S E F S D R G E S  

801 AGAGAGGCTCATC~GAGCCA~CACTCC~TCTC~CTTTCAGC~CAGAGGACG~ACTAGGACGTT~C~C~G~G~GA~ACTATC 
R E A H Q E P L N T P V S L L S A T E D V T R T F A P G G E D D Y  

901 TCGG~GTC~CGGAAAGTC~CGTCGAGACGCCAAAACG~GAGG~GATCCGGC~CTCCAGGAGGAGGATCGGATTA~TCAG~G~TATCT~ 
L G G Q R K V N V E T P K R L E E D P A A P G G G S D Y L S G V S N  

i001 TTA~AGTCC~GTTAC~ATCCCACGCAT~Ggtaatgactttgg~cgagactttttttagggtttatgaatctgtaataactcttgtctgttctgt 
Y Q S K V T D P T H K  

ii01 ttaaggtggag~GC~GAGTACCAGAGA~C~AGTCTCTTGGTAG~G~AC~A~AGTCTCC~A~AG~GAC~GGACGCG~ 
E A G V P E I A E S L G R M K V T D E S P D Q K S R Q G R E  

~2~G~GACT~CCGACGAG~GCCA~AG~ATC~G~GG~TC~ATATC~C~G~CTCCGGC~GA~GAGGGG~TCAAAAGC~GGA 
E D F P T R S H E F D L K K E S D I N K N S P A R F G G E S K A G  

~3~GAGG~GA~TTCCGAC~GAGG~ATG~GTAGAGAG~GAT~GG~GAGAC~ACCGAC~G~CTCA~A~AGTTCTCACCAG~CTATC 
M E E D F P T R G D V K V E S G L G R D L P T G T H D Q F S P E L S  

1401 TCGTCCC~GAGAGAGA~A~C~AGG~CC~GA~AG~GACACA~AGACAAAACC~GCACCTACACAGA~CAG~AGC~CAGCTACATCA 
R P K E R D D S E E T K D E S T H E T K P S T Y T E Q L A S A T S  

1501 GCCAT~CT~CAAAGCTATAGCCGC~G~CGTCGT~CCTC~GCTAGGTTACACCGGAGAG~GCGGCGGGCAAAGCGAGAGCCC~TAAAAG 
A I T N K A I A A K N V V A S K L G Y T G E N G G G Q S E S P V K  

1601 A~CTCCGAGATC~AC~CTTACGGGCAG~G~GCGGG~CTGT~C~AG~GT~A~TCCGG~TACGAAAAAGTC~GAAACAGGA~ 
D E T P R S V T A Y G Q K V A G T V A E K L T P V Y E K V K E T G S  

~7~CGG~A~AC~GCTACC~TCTCCGGAGG~G~G~GAG~GGAGACGC~C~GG~GAG~GG~ACGGCTAAAAA~ATATATCA 
T V M T K L P L S G G G S G V K E T Q Q G E E K G V T A K N Y I S  

~80~GAG~GCTGAAACC~GAG~GAGGA~GCT~A~GG~ATA~C~AG~C~CATTTTGGAGGAGGAGGAGAG~G~GAC~CGGCTAC~ 
E K L K P G E E D K A L S E M I A E K L H F G G G G E K K T T A T  

~9~AGGAGG~G~G~ACGGT~AG~GATACC~CCGACCAGATAGCGGAGGGG~GGACA~G~AGGCGGT~CAGAGG~GGAAAAGG~GAG~GG 
K E V E V T V E K I P S D Q I A E G K G H G E A V A E E G K G G E G  

2001 ~G~GGG~GTT~GGAG~GGTCA~C~GCTCGG~GT~CCG~GTCGCCACGGTCCGT~GAG~CAC~TCACT~GCACCACC 
M V G K V K G A V T S W L G G K P K S P R S V E E S P Q S L G T T  

2101 GT~GTAAAACTCCCTCGTCCT~TGTTACACGT~tgttaagattttgatgtgtgtattatttttgtaattttactcaaaatgttttggttgctatggt 
V G K T P S S L C Y T -  

2201 agggactatggggttttcggattccggtggaagtgagttgggaggcagtggcggaggtaagggagttcaagattctgggaa~tgaagatttggggttttg 

2301 cttttgaatgtttgtgtttttgtatgatgc•tctgtttgtgaactttgatgtattttatctttgtgtgaaaaagagattgggttaataaaatatttcttt 

2401 tttggat 

~ .  3. DNA sequence ~ d  deduced ~ i n o  acid sequence of the 1ti65 gene. ~ e  DNA sequence of #i65 is shown ~om the tr~-  
scription s t ~  site at position 1 to base 2407, the presumed end of tr~scfiption. This is located at the same dist~ce ~om the 
putative polyadenylation s i ~  (AATAAA, underlined) as in 1ti78. Oligonucleotides used as primers in primer extension ~ y s i s  
and PCR ~ e  indicated with ~ o w s  under the DNA sequence. 

s e q u e n c e d .  T h e  lti78 c D N A s ,  inc luding the pre- 
v i o u s l y  obta ined  c D N A  c lone ,  c o r r e s p o n d e d  to  
the w h o l e  gene  but  for lti65 w e  c o u l d  on ly  obta in  

a c D N A  c o r r e s p o n d i n g  to  the g e n o m i c  fragment  
conta in ing  the first t w o  introns .  A s  the P C R  am-  
pl i f icat ion o f  the  remain ing  part o f  the c D N A  w a s  



not successful, the localization of the third intron 
was only deduced from splice site consensus and 
by comparison with the location of the third in- 
tron of lti78. 

A putative translation initiation codon (ATG) 
was found within the first exon of both genes. The 
transcription start sites were mapped by primer 
extension analysis to 81 bp and 85 bp upstream 
of the putative initiation codons of the genes lti78 
and lti65, respectively (Figs. 2, 3 and 4). A puta- 
tive polyadenylation signal was found in the 3'- 
untranslated regions of both genes, 116 and 
238 bp after the stop codon for Iti78 and lti65, 
respectively. The estimated sizes of the transcripts 
obtained using the criteria above were 2351 bases 
for the lti78 gene and 2171 bases for the lti65 gene, 
not including the poly(A) tails. This estimate cor- 
responded well to the observed sizes of these 
transcripts (cf. Fig. 6). 

Both genes contain the sequence TATAAA, a 
putative TATA box, located between positions 
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-33 and -28 in lti78 and between positions -34 
and -29 in Iti65 (Fig. 4). Analysis of the 5' up- 
stream regions of these genes (Fig. 4) showed the 
presence of sequences with homology to known 
regulatory sequences identified in other plant 
genes. Both lti78 and lti65 contained a sequence 
TACGTGGC, similar to the 'ABRE' (ABA- 
responsive element) found in other ABA-induc- 
ible genes [9, 25]. The upstream region of lti65 
also contained another ABRE-like sequence, 
GACGTGGC. 

The upstream regions of the two genes showed 
only limited sequence homology, except for a 
stretch of 39 bp between positions -303 and 
-265 in the lti78 gene and between positions 
-267 and -229 in the 1ti65 gene, and some shorter 
stretches spread throughout the sequence (Fig. 4). 
A sequence ACCGACA, located at the 3' end 
of the 39bp homologous region, is repeated 
three times with slight modifications in the lti78 
promoter region. In contrast, only one repeat of 

iti78 -402 

iti65 -367 

ATAAAAGATCATACCTATTAGAACGATTAAGGAGAAATACAATTCGAA~GAAGGA~TGCCG-TTTGTTATA-ATAAACAG 
I I I I i Ill I III I illll lllllllll IIIIII 

TATGCCGTTTTAAATGTTCAAAACAGCACACAGTTGATAGCTGAATTGATTTTTTCTTTTGCCGTTTTGTTATATTTAAACA- 

iti78 -321 

iti65 -285 

CCACACGACGTAAACGTAAAATGACCACATGA~GGCCAATAGACATGGACCGACTA .... CTAATAATAGTAAGTTACAT-T 
i[lll I I i flll II llillIlllillllll il IlllllIllll llllllll III illll 

ACACACAGTGCATTTGCCAAATAACTACATGATGGGCCAATAAACGTGGACCGACTAAAACTAAATAATAG-AAGATACATCG 

lti78 -243 

iti65 -203 

TTAGGATGGAATAAATATCATACCGA~ATCAGTTTGAAAGAAAAGGGAAAAAAAGAAAAAATAAATAAAAGATATACTACCGA 
llll I 1 llill i IIIJlllill i 

ATAGG ........................ CTTCTCTAAAGATCGG ................... ATAAAAGATAATGT ..... 

iti78 -160 .~.~TGAGTTCCAAAAAGCAAAAAAAAAGATCAAGCCGACACAGACACGCGTAGAGAGCAAAATGACTTTGACGTCACACCACGA 
I il I i ilIlllllllll II II llill II fill 

Iti65 -168 ..................................... CGCATAGCCACGTAGAGAGCAA-CTGGCTGAGACGTGGCAGGACGA 

iti78 -77 AAACAGACGC TTCATACGTGTC .............................................. CCTTTATCTCTCTCA 
II I illfl II lIIIIllF II 

i t i 65 - 123 AA-CGGAcGCATCGTACGTGT~GAATCCTACAGAAGTAAAGA(~ACAGAAGCCA(3AGA~AGGTGGTTC(~GCCATATGTCATCG 

iti78 -40 GTC TCTC TATAAAC TTAGTGAGACCCTCC TC TGTTTTAC TCACAAATATGCAAAC T- AGAAAACAATCATCAGGAATAAAGGG 
llIJllrllilllll II il I Jftr III illJ I i I ill llilllill I I I IIII 

iti65 -41 TTCTC TC TATAAACTTTATGGAAC TTTGTTC TGATTTTC TCAGAGACACGAAAAGAAAGAAAACAACAC TAGAACAAAGAGGG 

iti78 +43 TTTGATTACTTCTATT(3G - AAAGAAAAAA - - -ATC T T T G G ~  
llllFll Ill III lilll Jill I lilllillIill 

iti65 +43 TTTGATTGATTCAC TTGAAAAAGAGAAAACACAGCTTTGG~ 

Fig. 4. Alignment of the 5' upstream sequences ofl t i78 and lti65. 483 bases of the 5'-untranslated region ofl t i78 were aligned with 
452 bases of the corresponding region of lti65. Lines indicate identical nucleotides in the two promoter regions. Transcription start 
sites are marked with asterisks and the initiation ATGs and putative TATA boxes (TATAAA) are underlined with double lines. 
The stretch of 39 nucleotides with high homology between the two promoters is marked with brackets. The repeated sequence 
ACCGACA and the ABRE-like sequences ( T A C G T G G C  and G A C G T G G )  are underlined with single lines. - indicates a gap 
inserted in the sequence for better alignment. 
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this sequence is present in the upstream region of 
lti65. 

Similarity of  L TI65 and L TI78 polypeptides 

The coding region of lti78, encodes a polypeptide 
of 710 amino acids with a predicted molecular 
weight of 77 856. The smaller gene, lti65, encodes 
a 600 amino acid polypeptide giving a predicted 
molecular weight of 64 510. Both polypeptides 
are hydrophilic and lack membrane spanning re- 
gions, N-terminal signal peptides and other 
known targeting signals, which suggests a cyto- 
plasmic location for these proteins. The pI is low 
for both polypeptides, 4.2 for LTI78 and 4.9 for 
LTI65. 

Amino acid sequence comparison of the 
polypeptides encoded by 1ti65 and Iti78 showed 
that 346 amino acids were identical and 41 amino 

acids were similar between the two proteins 
(Fig. 5), indicating that the genes are closely re- 
lated. Highest degree of sequence similarity was 
found in the N-terminal and C-terminal regions, 
whereas other parts of the polypeptides differed 
more, resulting in several gaps in the amino acid 
sequence alignment (Fig. 5). Apart from the sim- 
ilarity between LTI65 and LTI78, amino acid 
similarity searches in the PIR31 and Swiss-Prot 
21 protein sequence data banks did not reveal 
significant similarity to any other proteins. 

The LTI78 polypeptide contains several re- 
peats, some of which are also present in LTI65 
(Fig. 5). A sequence with the consensus 
D / N F P T R S H E F D L K T E S  is found three times 
in LTI78 but only once in LTI65. The C-terminal 
part of both proteins contains five imperfect re- 
peats of the sequence VAEKL. LTI78 also con- 
tains an imperfect repeat of the sequence PvGF- 
GdESGAELEK at amino acids 303-316 and 

LTI78 1 MDQTEEPPLNTHQQHPEEVEHHENGATKMFRKVKARAKKFKNSLTKHGQSNEHEQDHDLVEEDDDD-DELEPEV 
I llll IIII Ib:i: :III :III IIIIIIII: III II:III: 11 :III 

LTI65 1 MESQLTRpYGHEQAEEPIRIHHPEEEEHHEKGASKVLKKVKEKAKKIKNSLTKHGNGH .... DHD-VEDDDDEYDEQDPEV 

LTI78 74 IDAP ....... GVTGKPR ...... ETNVpASEEIIPPGTKVFPVVSSDYTKPTESVPVQEASYGHDAPAHSVRTTFTSD 
II IIIIII: IIIIIIii11:1111111111111 III i I :I::IIII I I llll III 

LTI65 77 ~GA~VYESSAVRGGvTGKPKSLSHAGETNVPA~EEIVPPGTKVFPwSSDHTKPIEPVSLQDTSYG~EALADPVRTTETSD 

LTI78 140 KEEKRDVPIHHPL~-SELSDREESRETHHESLNTPVSLLSCTEDVTSTFAPSGDDEYLDGQRKVNVETPITLEEESA .... 
I li: I I II II III llII:l I llllIlill llill IIII I:I:Ii IIIIIIIIII Ill: I 

LTI65 158 WEAKREAPTHYPLGVSEFSDRGESREAHQEPLNTPvSLLSATEDvTRTFAPGGEDDYLGGQRKVNvETPKRLEEDPAAPGG 

LTI78 215 vSDYLSGVSNYQSKVTDPTKEETCGvPEIAESFGNMEVTDESPDQKPGQFERDLSTRSKEFKEFDQDFDSvLGKDSPAKFP 
llillllIil11111111 I: IIIIIIII I I 111111111 I 

LTI65 239 GSDYLSGVSNYQSKVTDPTHKEA-GVPEIAESLGRMKVTDESPDQKSRQ ................................ 

LTI78 296 GESGVVFPVGFGDESGAELEKDFPTRSHDFDMKTFTGMDTNSPSRSHEFDLKTESGNDKNS~EFDQKN 
I : I:IIIIIIII II IIII II II I :I :I : 

LTI65 287 .................................. GREEDFPTRSHEFDLKKE~DINKNSPARFGCESKAGMEEDFPTRG 

LTI78 377 DSGRNEYSPESDGGLGA~LGGNF~VRS~ELDLKNEgDIDKDV~TGFDGEPDFLAKGRPGYGEA~EEDKF~ARSDDvEVETE 
II II: 

LTI65 332 ...................................................................... DVKVESG 

LTI78 458 LGRDPKTETLDQFSPELSHPKERDEFKESRDDFEETRDEKTEEPKQSTYTEK .................. FASMLGYSGEI 
IIII I I illillll 11111 I lli:ll I I i lIIil il lil:il 

LTI65 339 LGRDLPTGTHDQFSPELSRPKERD ....... DSEETKDESTHETKPSTYTEQLASATSAITNKAIAAKNVVASKLGYTGEN 

LTI78 521 PVGDQTQ ................ VAGTVDEKLTPVNEKDQETESAVTTKLPISGGGSGVEE-QRGEDKSVSGRDYVAEKLT 
I IIIII IIIIII II II I:I illl:lilllll I I II:I I: : l::ill 

LTI65 413 GGGQSESPVKDETPRSvTAYGQKVAGTVAEKLTPVXEKVKETGgTVMTKLPL~GGGSGVKETQQGEEKGVTAKNYI~EKLK 

LTI78 585 TEEEDKAFSD~QIGGEEEKKETTTKEVEKISTEKAAgEE ..... GEAVEEEVKGGGGMVGRIKGWFGGGATDEVK 
IIIII l:l:lill II III I:IIIII " IIII II III IIII::II 

LTI65 494 PGEEDKALSEMIAEKLHFCGGGEKKTTATKEVEVTVEKIPgDQIAEGKGHGEAVAEEGKGGEGMVGKVKGAVTS ....... 

LTI78 660 PESPHSVEEAPKSSGWFGGGATEEVKPKSPHSVEESPQSLGSTVVPVQKEL 
I II IIIII lllllllIIi:ll I 

LTI65 568 ............... WLGG ...... KPKSPRSVEESPQSLGTTVGKTPSSLCYT 

Fig. 5. Comparison of the amino acid sequences of the polypeptides encoded by #i78 and #i65. A line indicates identical amino 
acids and a colon similar amino acids. The four different types of repeated amino acid sequences are underlined. - indicates a 
gap inserted in the sequence for better alignment. 
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357-370, and the sequence G W F G G G A T d E -  
VKPeSPHSVEEaP  is, slightly modified, present 
twice in the C-terminal end of the protein. 

Differential induction of lti65 and 1ti78 by low tem- 
perature, ABA and drought 

We have shown earlier that the expression of the 
lti78 gene (previously called ltil40) is strongly and 
rapidly induced by low temperature (4 ° C), but 
can also be induced by exogenous ABA and by 
drought treatment, albeit to a lower level [26]. 
Northern blot analysis with gene specific probes 
was used to study whether the lti65 gene could 
also be induced by these stimuli and to compare 
its expression pattern to that of the lti78 gene. The 
sizes of the mRNAs hybridizing to the 3'-end 
fragments of the lti78 and lti65 genes used as 
probes (Fig. 1), were in accordance with the cal- 
culated sizes of transcripts (Fig. 6). The lti65 
probe crosshybridizes weakly to the lti78 mRNA, 
which resulted in detection of both transcripts 
with this probe, whereas the 1ti78 probe used did 
not enable the detection of the Iti65 transcript 
(Fig. 6). 

Expression of both genes was clearly induced 
by low temperature, as Well as by exogenous ABA 
and drought (Fig. 6). However, the responsive- 
ness of lti65 and Iti78 gene expression to these 
stimuli differed markedly. Comparison of the 
relative abundance of the lti65 and lti78 mRNAs 
following low-temperature, ABA or drought 
treatments suggested that lti78 is mainly a low- 
temperature-induced and lti65 a drought- and 
ABA-induced gene (Fig. 6). In addition to the 
different relative levels seen, also the time of ap- 
pearance of these transcripts differed. Large 
amounts of the lti78 transcript could be detected 
after four hours of low-temperature treatment, 
whereas detectable levels oflti65 m R N A  were not 
present until after 24 h at 4 °C and they never 
reached the level of the lti78 transcript. Differ- 
ences were also evident in the ABA-induced ex- 
pression of these genes. Firstly, lti65 was more 
strongly induced by ABA than by low tempera- 
ture, in contrast to lti78 where low-temperature 

Fig. 6. Expression of the lti78 and lti65 genes in response to 
different stress treatments in wild-type plants and in ABA- 
insensitive and ABA-deficient mutants of A. thaliana. (a) N- 
orthern blot analysis of total RNA from wild-type (wt) plants 
using a 1.2 kb DNA fra~nent from the 1t7"78 gene (see Fig. 1) 
as a probe. The plants were exposed to low temperature (LT), 
ABA or drought (D) for the number of hours indicated. RNA 
from untreated control plants is analysed in the lane marked 
C. Molecular size markers are indicated in kilobases (kb). 
(b) Northern blot analysis of total RNA from wild-type (wt) 
plants, the ABA-insensitive mutant (abi-1) and the ABA- 
synthesis mutant (aba-1). The probe used was a 450 bp DNA 
fragment from the lti65 gene (see Fig. 1). The plants were 
exposed to low temperature (LT), ABA or drought (D) for the 
numbers of hours indicated. RNA from untreated control 
plants is analyzed in the lane marked C. Molecular size mark- 
ers are indicated in kilobases (kb). 

induction was more prominent. Secondly, al- 
though the mRNAs of both genes were detectable 
after four hours in plants treated with ABA 
(Fig. 6), the lti78 m R N A  level declined upon pro- 
longed A B A  treatment, whereas lti65 mRNA 
continued to accumulate to a higher level than 
that of  lti78 mRNA. In contrast to the differen- 
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tial expression of lti65 and lti78 in response to 
low temperature and ABA, both genes appeared 
to be similarly induced by drought treatment 
(Fig. 6). 

Signal pathways mediating the induction of lti65 
and lti78 

We have previously demonstrated [26], by em- 
ploying ABA-insensitive and ABA-deficient mu- 
tants ofA. thaliana, that the induction of the lti78 
gene expression by low temperature, ABA and 
drought follows three separate signal pathways. 
In the present study, we determined the expres- 
sion pattern of lti65 during the different stress 
treatments in an ABA-insensitive mutant, abi-1, 
and in an ABA-deficient mutant, aba-1 (Fig. 6b). 
Similar to the results obtained with lti78 [26], the 
ABA inducibility of lti65 was abolished in the 
abi-1, but not in the aba-1 mutant in which the 
induction with exogenous ABA resulted in the 
same level of expression as in the wild-type plants 
(Fig. 6b). However, the low-temperature-induced 
accumulation of lti65 mRNA was abolished in 
aba-1, but not in the abi-1 mutant, in contrast to 
lti78 which is low-temperature-inducible in both 
of these mutants. Maximal drought induction of 
lti65 in the wild-type plants appeared during the 
first two to four hours of treatment. During this 
time, the drought-induced accumulation of the 
Iti65 transcript was completely blocked in both 
mutants (Fig. 6b) and a prolongation of the 
drought treatment to up to eight hours did not 
cause any induction in the mutants (data not 
shown). This expression pattern shows a marked 
difference to lti78, where the drought inducibility 
is only slightly reduced in the abi-1 mutant [26] 
and equal to the wild type in the aba-1 mutant. 
Consequently, the requirement for the presence of 
ABA in the cells and the sensitivity to ABA dur- 
ing low-temperature and drought-induced gene 
expression appears to differ between lti65 and 
lti78. In conclusion, these data suggest that the 
signal pathways mediating the expression of the 
lti65 gene are distinct from those utilized for the 
lti78 gene. 

Discussion 

Two stress-induced genes of Arabidopsis thaliana 
are structurally related 

Recent cloning and characterization of genes spe- 
cifically expressed during plant cold acclimation 
is providing the basis for understanding the mo- 
lecular mechanism of freezing tolerance. In this 
paper we present a characterization of two novel 
but related genes of A. thaliana, lti78 and lti65, 
both of which are inducible by low temperature, 
ABA and drought. The genes are closely linked, 
show partial sequence homology and are physi- 
cally organized in the same way, both having three 
introns of about 80 to 100 bases at almost iden- 
tical locations. The polypeptides encoded by the 
genes are, however, of different length, 710 and 
600 amino acids in LTI78 and LTI65, respec- 
tively. An alignment of the deduced amino acid 
sequences (Fig. 5), demonstrated the relatedness 
of these polypeptides, as 346 of the amino acids 
are identical. 

The homology between lti65 and lti78 (Figs. 2, 
3 and 4), suggests that the genes belong to the 
same gene family. This together with the close 
linkage and the same transcriptional orientation 
of the genes clearly indicates a common origin 
and that these genes have most likely arisen from 
the same ancestral gene via duplication and sub- 
sequently diverged through deletions and point 
mutations. There are several examples of similar 
clustering of members of a gene family in the 
genomes [28, 30, 34], including low-temperature 
or drought-induced genes [ 15, 24]. 

The lti78 gene was shown to correspond to the 
previously isolated cDNA clone [26]. This gene 
was previously called ltil40 based on the appar- 
ent molecular weight of the corresponding 
polypeptide obtained by in vitro translation of hy- 
brid selected mRNA. However, as we demon- 
strate here the complete genomic sequence of the 
gene (renamed lti78) predicts a protein with a 
molecular weight of 77 856, which is also in ac- 
cordance with the size of the lti78 transcript. The 
discrepancy between the deduced molecular 
weight of the protein and its migration in SDS- 



polyacrylamide gel eletrophoresis may be due to 
some unusual secondary structure of the polypep- 
tide, not disrupted by SDS denaturation. This 
could be reflected in the hydrophilicity and boil- 
ing stability of the polypeptide, characteristics 
shared by several proteins appearing at low tem- 
perature [ 19]. The lti65 gene product has not been 
identified with certainty by gel electrophoresis and 
no information is available about the abundance 
of the protein in stressed cells. 

Regulatory sequences in the 5' flanking regions of 
lti78 and lti65 

The 5' regulatory sequences oflti78 and lti65 have 
diverged more than the coding regions and may 
reflect the differential expression patterns of the 
genes (see below). However, we could identify 
similar sequence motifs that could be essential for 
the regulation of expression of both genes. The 
sequence TACGTGTC which is similar to the 
ABRE box identified in several ABA-responsive 
genes [9, 21, 25] exists in the upstream region of 
both genes, but the distance from the transcrip- 
tion start site is different in the two genes and it 
also remains to be demonstrated that the sequence 
is an ABA-responsive element in the lti78 and 
lti65 genes. So far, no specific promoter elements 
involved in low-temperature regulation of any 
gene have been identified. Comparison of the lti78 
and lti65 promoter sequences suggests the pres- 
ence of a putative, low-temperature-response el- 
ement with the consensus sequence ACCGACA. 
This motif is found in four copies in the lti78 
upstream region and once in lti65. The different 
number of copies of this element in the two pro- 
moters might explain the fact that Iti78 is much 
more strongly low-temperature-induced than 
lti65. The same ACCGACA sequence can also be 
found in the promoter regions of other low- 
temperature-responsive genes from A. thaliana, 
tab18 [21], kin1 and kin2 [14]. No promoter se- 
quence directly involved in drought induction can 
be suggested, and a presence of such an element 
in lti65 is not sure as the drought response ap- 
pears to be mediated by ABA (see below). 
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In addition to the ABA-response element 
(ABRE) found in promoters of ABA-inducible 
genes with the consensus sequence (T/C/ 
G)ACGTGGC,  related regulatory elements have 
been found in promoters of several genes. These 
include the binding sites for different transacting 
factors, like the G-box factor (CACGTG), AP-1 
(TGACTCA), CRE (TGACGTCA), GCN4 
(TGACTCA) and ASF-1 (TGACGT(A/C)A) 
(reviewed by Williams etal. [37] and Ziff [38]). 
The upstream regions of lti78 and lti65 contain 
similar sequences, such as the sequences GACG- 
TAAACGTAA, TGACGTCA and TACGT- 
GTC in the lti78 promoter and the sequences 
AACGTGGA,  CACGTA, G A C G T G G C  and 
TACGTGTC in the lti65 promoter. The question 
therefore remains, whether some of these se- 
quences function as specific regulatory elements 
involved in ABA induction or whether they are 
binding sites for more general transcription 
factors. 

The 1ti78 and lti65 genes are differentially expressed 
by low temperature, ABA and drought 

The expression patterns of lti78 and lti65 showed 
marked differences. Although the expression of 
both lti78 and lti65 was induced by low temper- 
ature, drought and ABA, both the responsiveness 
to these stimuli and the signal pathways em- 
ployed were different. The results indicate that 
lti78 is clearly a low-temperature-induced gene 
which can also respond to drought and ABA, 
whereas Iti65 is primarily a drought- and ABA- 
induced gene with some response to low temper- 
ature. 

The differential responsiveness of these genes 
to the stress stimuli was manifested both in the 
respective expression levels as well as the tempo- 
ral pattern of expression. Maximal expression of 
lti65 required a longer exposure to low tempera- 
ture or ABA than that of lti78. Furthermore, the 
Iti65 transcript level did not show the same de- 
cline as the lti78 transcript upon prolonged expo- 
sure to ABA. These differences in the expression 
levels may reflect differences both in the regula- 
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tory elements of the respective promoters and in 
the stability of the mRNA during the stress. 

A remarkable feature in the regulation of the 
two related genes was that the induction of lti65 
gene expression does not seem to follow the same 
signal pathways as that of lti78. Studies with 
ABA-deficient (aba-1) and ABA-insensitive 
(abi-1) mutants have shown that the low- 
temperature induction of lti78 is completely and 
the drought induction at least partly independent 
of ABA [26]. This type of pattern has later been 
confirmed by Gilmour and Thomashow [6] for 
lti78 (cor160 according to their nomenclature) and 
seems to hold for two other cold-regulated genes 
as well. In contrast to the expression pattern of 
lti78 and other similarly expressed genes, Iti65 
was not responsive to low temperature in the 
ABA-deficient mutant indicating involvement of 
ABA metabolism in this signal pathway. How- 
ever, low-temperature induction was normal in 
the ABA-insensitive mutant, suggesting that a 
metabolite in the ABA synthesis pathway, rather 
than ABA itself, is required for mediating the low- 
temperature response. The expression of lti65 in 
response to drought stress was shown to be 
ABA-mediated. In contrast to lti78, the drought- 
induced accumulation of lti65 mRNA was com- 
pletely blocked in both the ABA-deficient and the 
ABA-insensitive mutant. This ABA-mediated 
signal pathway is reminiscent of that observed 
with other drought-responsive genes, e.g. rabl8 of 
A. thaliana [21 ] and drought-induced genes of to- 
mato and maize [ 1, 29]. However, the expression 
pattern of Iti65 is not identical to that of the rabl 8 
gene where both the low-temperature and drought 
responses are strictly ABA-mediated. In conclu- 
sion, the expression pattern of lti65 and the sig- 
nal pathways utilized for mediating the stress re- 
sponses differ from both previously characterized 
categories of low-temperature and drought-re- 
sponsive genes (exemplified by lti78 and rab18, 
respectively). 

This differential expression of two related genes 
may indicate that they have somewhat different 
roles in the stress response, e.g. in freeze-induced 
dehydration tolerance. However, as the LTI78 
and LTI65 proteins show no significant sequence 

similarity to known proteins, any definite function 
of the proteins in plant cold acclimation cannot 
yet be suggested. 
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