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Abstract

Plant cold acclimation is correlated to expression of low-temperature-induced (/) genes. By using a
previously characterized /ti cDNA clone as a probe we isolated a genomic fragment that carried two
closely located /i 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, [ti78 and /ti65, predict novel hydrophilic polypeptides with mo-
lecular weights of 77856 and 64 510, respectively, /{78 corresponding to the cDNA probe. Of the 710
amino acids of LTI78 and 600 amino acids of LTI6S, 346 amino acids were identical between the
polypeptides, which suggests that the genes may have a common origin.

Both /178 and Iti65 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 /1i78 was mainly responsive to
low temperature, that of /fi65 to drought and ABA. In contrast to the induction of /{78, 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 the resulting increase in frost hardiness is induced

by an exposure of the plant to low but non-freezing
Several plant species are able to cold-acclimate, temperatures [18, 31]. The response is relatively
i.e. they can increase their tolerance to extracel- rapid, e.g. the freezing tolerance of Arabidopsis
lular freezing. This cold acclimation process and 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 (i7i65) and X67671 (Iti78).
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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 /11140 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 /ti140
gene presented in this paper revealed the presence
of two closely linked and structurally related
genes, one of which was /ti140 (renamed [£i78).
The second gene was shown to encode a polypep-
tide similar to but not identical with the protein
encoded by /1i78. 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 uM. Drought treatment was done
by removing the lid of the tissue culture plates.



Screening of genomic library, cloning and sequenc-
ing

25000 clones from a AEMBL4 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
6x SSC, 1% SDS, 5x Denhardt’s solution and
0.1 mg/ml herring sperm DNA and washed twice
for 30 min at 65 °Cwith 1 x SSCand0.19, SDS.
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 SK(+) and KS(+) vectors
(Stratagene, La Jolla, CA) and sequenced by
the chain termination method of Sanger ez al.
[32] using the Sequenase (USB, Cleveland, Ohio)
sequencing system. Sequence data were ana-
lyzed using the PCGENE 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 /ti78 gene, 1 ug 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 /165 gene, the oligonucleotide
(5'-CAAAGCTGTGTTTTCTCTTTTTCAAG-
TGAA-3") corresponding to the complementary
strand of the bases + 52 to + 81 was hybridized
to 5 pg 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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89 polyacrylamide gel alongside with DNA 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 cDNA corresponding to the 5’ part of
Iti78, the first strand of the cDNA was first syn-
thesized from 1 ug 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 DNA was amplified in a PCR
reaction using an oligonucleotide (5'-TGGAC-
CATGGATCAAACAGAGGAAC-3") corre-
sponding to bases +76 to + 100 as the 5'-end
primer and an oligonucleotide (5'-CTCAT-
GACTTCTCACCGGAA-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 30s at 93 °C, 30s at
50 °C and 3 min at 72 °C.

The cDNA corresponding to Iti65 was synthe-
sized as the /ti78 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'-TGGACCATGGAGTCA-
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 | site was created in this 5'-end primer,
too. The reaction was performed with 25 cycles,
consisting of 20 s at 93 °C,30sat45 °Cand 45 s
at 72 °C.
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RNA extraction and northern analysis

Total RNA was isolated from shoots of 4. tha-
liana plants according to Logeman et al. [20] or,
alternatively, Verwoerd eral. [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 pg per
lane) was separated on denaturing formaldehyde-
agarose gels and blotted onto nylon filters which
were prehybridized at 65 °C in 5x SSPE (1 x
SSPE =180 mM NaCl, | mM NaH,PO,, 1 mM
EDTA pH 7.4), 5 x 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 «**P-dATP by a multiprime reac-
tion. The probe used to detect the /{78 transcript
was the previously isolated cDNA fragment [26]
corresponding to bases + 1414 to + 2618 of the
lti78 gene. The probe homologous to the [fi65
transcript was a 450 bp fragment corresponding
to bases + 1612 to + 2065 of the [ti65 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 1ti78 and 1ti65

A genomic library of A. thaliana in AEMBL4 was
screened with a cDNA fragment corresponding
to a low-temperature-induced gene in 4. thaliana,
previously named /1i140 [26]. Out of the 25000
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 /78 and /165 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 Bg!/II (B), Hin-
d III (H), Eco RI (EI), Eco RV (EV) and Sa/1 (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 1.7kb (Fig. 1), the
downstream gene corresponding to the Ilti140
c¢DNA. 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 77856 and that for the
600 amino acid polypeptide encoded by the up-
stream gene was 64 510. The genes were therefore
named [£i78 (previously Iti140) and Iti65, respec-
tively.

The coding regions of /478 and /ti65 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 Iti78
was synthesized by reverse transcription of low-
temperature-induced poly(A)* RNA and the
cDNA for [i65 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 /1i78 gene. The DNA sequence of /78 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 Ifi78 differs slightly from the previously reported cDNA sequence [26]. The differences are found at the nucleotide
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cacaaatatgcaaactagaaaacaatcatcaggaataaagggtttgattacttctattggaaagaaaaaaatctttggaaaATGGATCAAACAGAGGAAL
M D Q T E E

10

pury

CACCACTCAACACACACCAGCAGCACCCAGgtagattctaatttcagaaacttatattttttttaagtgacaatcctctgaatttacttaaacttattgt
P P L N T H H

201 gatttatggatacagAAGAAGTTGAACATCATGAGAATGGTGCGACTAAGATGTTTAGGAAAGTAAAGGCTAGAGCTAAGAAGTTCAAGAACAGTCTCAC
E E V EHHENGA AT KMT FRI KV K ARAIKI KT FI KNSTL T

301 TAAACATGGACAAAGCAATGAGCATGAGCAAGATCATGATTTCGTTGAAGAAGATGATGATGATGACGAGCTAGAACCTGAAGTGATCGATGCACCAGGL
K H G Q S N EH EQ DHDIL VEETDUDU?DT DU DU EILEUZPEV I DATP

401 tactttcttttgtagtttcattcaacttatgatctaaaaactattggttattcaattttgegtgacattaacggtttggtatectgtatatgcagGCGTAA
G Vv

501 CAGGTAAACCTAGAGAAACTAATGTTCCAGCATCGGAGGAAATTATTCCACCAGGGACAAAGGTGTTTCCTGTCGTGTCTTCCGATTACACCAAACCCAC
T G K PR ETWNV PA S EETII P PGTIEKVF PV VS SsSs DY TI KU FPT

601 TGAATCTGTACCAGTACAAGAGGCCTCTTACGGACACGATGCACCGGCTCATTCTGTAAGGACGACGTTTACATCGGACAAGGAAGAGAAAAGAGATGTA
E 8 VvV PV Q EA S Y GHDAUPAHSV RTTU FT S D KEEI KR DV

701 CCGATTCATCATCCTCTGTCCGAATTGTCAGACAGAGAAGAGAGTAGAGAGACTCATCATGAGTCATTGAACACTCCGGTCTCTCTGCTTTCTGGAACAG
P I H H P L $ EL S DREEUSRETHUHZESTLNTU®PUV SLILSGGT

801 AGGATGTAACGAGTACGTTTGCTCCAAGTGGTGATGATGAATATCTTGATGGTCAACGGAAGGTCAACGTCGAGACCCCGATAACGTTGGAGGAAGAGTC
E DV TS TV FAUP S G DUDEYTLDG QR KV NVYVY ETUPTITTULEE E 8

901 GGCTGTTTCAGACTATCTTAGTGGTGTATCTAATTATCAGTCCAAAGTTACTGATCCCACCAAAGAAGgtaagaactttgaccttttaagattgtgtttt
AV $§$ DY L §$§$ G V S NY Q S KV TDUPT K E

1001 tctttagtgattatgaatatgtaataactctgttacgttgtgtttggtttagAAACTGGAGGAGTACCGGAGATTGCTGAGTCTTTTGGTAATATGGAAG
E G 6 VvV P ETI AE S F G NME

1101 TGACTGATGAGTCTCCTGATCAGAAGCCAGGACAATTTGAAAGAGACTTGTCGACGAGAAGCAAAGAATTCAAAGAGTTTGATCAGGACTTTGACTCTGT
v T D E S PDQ K P GQ F ERDULSTRSKEVFIZ KEVFUDUGQDU FUD S V

1201 TCTCGGTAAGGATTCGCCGGCGAAATTTCCAGGTGAATCAGGAGTTGTTTTCCCCGGTGGGCTTTGGTGACGAGTCAGGAGCTGAGCTGGAAAAAGATTTT
L G XK D s P AKVF P GES GV V F PV GF GGDE S G AETULEIKTDF

1301 CCGACGAGAAGTCATGATTTTGATATGAAGACTGAAACTGGAATGGACACGAATTCTCCATCAAGAAGCCATGAATTTGATCTGAAGACTGAATCTGGAA
P TR $ HD F DMIKTETS GMDTWNSUPSR S HEUFDILI KTE S§ G

1401 ACGACAAGAATTCTCCGATGGGCTTTGGTAGTGAATCAGGAGCTCAGCTGGAAAAAGAATTTGATCAGAAGAACGATTCTGGAAGAAACGAGTATTCGCC
N D KNS P MG FG S E S G2EULEIZ KETFDUGQ@I KNDSGRNETY s P

1501 GGAATCTGACGGCGGTTTAGGAGCTCCGTTGGGAGGAAATTTTCCGCTGAGAAGTCATGAGTTGGATCTGAAGAACGAATCTGATATCGACAAGGATCTG
E $ DGGULGAZPILG GG GNT F PV RTSHETLUDTILTZ KNESUDTITUDTE KDV

1601 CCGACGGGATTTGACGGAGAACCAGATTTTCTGGCGAAGGGAAGACCTGGATACGGTGAGGCATCAGAAGAGGATAAATTTCCGGCGAGAAGTGATGATG
P T G F D GEUPDV FULAIZ KGR RZPGYGEA ASETETDI KT FUPATRS DD

1701 TGGAAGTAGAGACTGAGCTGGGAAGAGACCCAAAGACGGAGACTCTTGATCAATTCTCACCGGAACTTTCTCATCCTAAAGAAAGAGATGAGTTTAAGGA
V EV ETEVL G RDUP X TETTLUDOGQVF S P ETIL S H P KERDEF K B

1801 GTCCAGAGATGATTTTGAGGAGACGAGAGATGAGAAAACAGAGGAGCCAAAACAGAGCACTTACACAGAGAAGTTTGCTTCAATGCTAGGTTACTCCGGA
s R DDVF EET RUDE I KTEEU®PX K QS TTY TEI KV F A S ML G Y S5 G

1901 GAAATTCCGGTGGGAGATCAAACTCAAGTGGCGGGAACTGTTGATGAGAAGTTGACTCCGGTCAATGAGAAGGATCAAGAAACAGAGTCTGCCGTGACGA
E I PV G DQ TQV A G TVDEI KTLTU?PVNEIZ KDUOQETES AV T

2001 CGAAGTTACCTATCTCCGGAGGTGGAAGTGGAGTAGAGGAGCAACGAGGGGAAGATAAAAGTGTGTCGGGTAGAGATTATGTGGCGGAGAAACTGACAAC
T K L P IT 8 G GGG S GV EEQRGEDI KSV S G RDY VA EIZ KTLTT

2101 TGAAGAAGAAGACAAAGCCTTTTCTGATATGGTTGCCGAGAAACTTCAGATTGGAGGAGAAGAAGAGAAGAAGGAAACGACGACAAAGGAAGTGGAGAAG
E EE D XK A F S DMV A EIX L QI G G EEEI KZ KETTTIZ KE V E K

2201 ATCTCTACCGAGAAGGCAGCATCGGAGGAGGGTGAGGCGGTGGAAGAGGAAGTGAAAGGAGGAGGAGGAATGGTTGGGAGGATTAAAGGATGGTTCGGTG
I s T E KA A S EEGEA AV EEEVKGGGGMV G R I K GWTF G

2301 GTGGTGCGACTGATGAGGTGAAGCCAGAATCGCCACATTCTGTTGAAGAGGC TCCAAAATCATCTGGCTGGTTTGGTGGTGCGTGCGACGGAGGAGGTGAA
G GA TDEV K PE S PH SV EEA AUPIE K S S GWVF GG GATEE V K

2401 GCCAAMATCGCCTCATTCCGTTGAAGAGTCTCCACAATCACTTGGCTCCACTGTTGTTCCGGTGCAGAAGGAGCTTTAAgaatatgagaactgagatttt
P K ¢ PH SV EESUPQSL GsS TV VPV Q KEL -~

2501 caagtttcactttggatgtttatgtgtgttttgtttgacgtettigatgtattatggtataattecettgtttgtgtgaaaaaaggacatttggttaataa

2601 attgttcggetttggatt

positions 18861888 of the 78 sequence, where a codon CTA (coding for leucin) is found, instead of the codon CAT (coding
for histidine) of the cDNA 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 cDNA sequence. These differences are due to errors made previously when sequencing and an-
alyzing the cDNA.
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Fig. 3. DNA sequence and deduced amino acid sequence of the /1i65 gene. The DNA sequence of /ti65 is shown from the tran-
scription start site at position 1 to base 2407, the presumed end of transcription. This is located at the same distance from th‘e
putative polyadenylation signal (AATAAA, underlined) as in /ni78. Oligonucleotides used as primers in primer extension analysis

agagacacgaaaagaaagaaaacaacactagaacaaagagggtttgattgattcacttgaaaaagagaaaacacagctttggaaaATGGAGTCACAGTTG
E S Q L

ACACGTCCTTATGGTCATGAGCAAGCAGAAGAACCAATCAGAATTCACCATCCAGgtatatatatatctatgacagaagattctaatttgagaactttte
T R P Y G H E Q A E E P I R I H H P

tcttaatttgecttatttattgtgattcggatacagAAGAAGAAGAGCATCATGAGAAGGGAGCATCCAAAGTGTTGAAGAAAGTAAAAGAAAAGGCTAA
E E E E H HEZ K G A S K VL K KV K E K A K

GAAAATCAAGAACAGTCTCACTAAACATGGAAATCGTCATGATCACGATCTGGAAGATGATGATGATGAGTATGACGAGCAAGACCCAGAAGTTCACGGE
K I K NS L T XK HGNGHDU HDVYVETDT DUDUDTETYUDTEZG QDU PETUVHG

GCACCAthtaatttctctgtattaaagtcctcgtcaatcagcagttatatttttttgtgtattaacggtttttctgtttttttatgtgtatgcacagTG
A P v

TATGAATCCTCTGCCGTGAGAGGTGGTGTAACGGGTAAACCTAAGTCTC TTAGTCATGCCGGAGAAACTAATGTTCCGGCATCGGAGGAGATTGTTCCTC
Y ES S A VRGGUV TG KUPIZ K SL SHAGETUNTVU PATSTETETUVEP

CAGGGACAAAAGTTTTTCCTGTCGTGTCTTCTGACCACACCAAACCCﬁTTGAGCCTGTATCATTACAAGATACCTCTTACGGACATCAGGCACTGGCTGA
PG T KV F PV VS S DHTIE K PIEPV S L DTS TYOGEHTET ATLA ATD

TCCTGTAAGAACGACGGAAACATCGGACTGGGAAGCGAAAAGAGAGGCACCGACTCATTATCC TCTCGGAGTCTCAGAATTTTCAGACAGAGGAGAGAGC
PV RTTETS DWEA AIZ KT REA AZPTUHTYU?PULGV YV SETFSDTI RTGTE S

AGAGAGGCTCATCAAGAGCCATTGAACACTCCTGTGTCTCTGCTTTCAGCAACAGAGGACGTGACTAGGACGTTTGCTCCTGGTGGTGAAGATGACTATC
R EAHQEPLNT®PVSLILSATETDVTH RTTFA AZPTG GG GTETDTD.Y

TCGGTGGTCAACGGAAAGTCAACGTCGAGACGCCAAAACGTTTGGAGGAAGATCCGGCTGCTCCAGGAGGAGGATCGGATTATC TCAGTAGTGTATCTAA
L GG QR KV NVETZPZ KR RLETETDTZPA AARBAZPGG GG GT SUDTYTULSGUV S N

TTATCAGTCCAAAGTTACTGATCCCACGCATAAAthaatgactttggccgagactttttttagggtttatgaatctgtaataactcttgtctgttctgt
¥ Q8 K V T D P T H K

ttaaggtggagAAGCTGGAGTACCAGAGATTGCTGAGTCTCTTGGTAGAATCAAAGTCACTGATGAGTCTCCTGATCAGAAATCAAGACAAGGACGCGAA
E GV PETIAESTLGRMMIE XU VTUDTETS?PDTGQOQZ KSR QG R E

GAAGACTTTCCGACGAGAAGCCATGAGTTTGATCTGAAGAAGGAATCTGATATCAACAAGAATTCTCCGGCAAGATTTGGAGGGGAATCAAAAGCTGGGA
EDFPTR RS HETFUDULU K I XESDTIUNTIEKINTGST®PARTEFTGTG GTES ST KA G

TGGAGGAAGATTTTCCGACAAGAGGTGATGTGAAAGTAGAGAGTGGATTGGGAAGAGACTTACCGACGGGAACTCATGATCAGTTCTCACCAGAACTATC
M FE EDVFPTIRGDVI KV VESGLGT RUDTILZ®PTTGTH D O F s P E L S

TCGTCCCAAAGAGAGAGATGATTCTGAGGAAACCAAAGATGAGTCGACACATGAGACAAAACCAAGCACCTACACAGAGCAGTTAGCTTCAGCTACATCA
R P XK ERDUDSEET I KUDETSTH HTETT KT PSESTZY T E Q L A 8 A T S

GCCATAACTAACAAAGCTATAGCCGCAAAGAACGTCGTTGCCTCAAAGCTAGGTTACACCGGAGAGAATGGCGGCGGGCAAAGCGAGAGCCCTGTAAAAG
A'I TN XK ATIA AATZ KNV VA S KL GYTGENGTG G Q 8§ E 8 P V K

ATGAAACTCCGAGATCTGTTACTGCTTACGGGCAGAAAGTGGCGGGAACTGTTGCTGAGAAGTTGACTCCGGTTTACGAAAAAGTCAAAGAAACAGGATC
D ETZ®PRSVTAYGQZ K VAGTV VA ATETZ KTLTZ PVYTETZ KTV VK E T G s

AACGGTGATGACAAAGCTACCTCTCTCCGGAGGTGGAAGTGGAGTGAAGGAGACGCAACAAGGGGAAGAGAAAGGTGTGACGGCTAAAAATTATATATCA
T VM TIZ XL PLS GGG S$ GV KETUGQOQGTETETZ KT GV VT AT KTNUYTI S

GAGAAGCTGAAACCTGGAGAAGAGGACAAAGCTTTATCGGAAATGATAGCTGAGAAACTTCATTTTGGAGGAGGAGGAGAGAAGAAGACAACGGCTACAA
EXK LK P GEEUDIE KA ALSEMMTIA ATETZ KT LUHTFTGCGGG GTET KT KTTA AT

AGGAGGTCGAAGTGACGGTTGAGAAGATACCTTCCGACCAGATAGCGGAGGGGAAAGGACATGGTGAGGCGGTTGCAGAGGAAGGAAAAGGTGGAGAAGG
K EV EV TV EZ KTIUPSDOQ@IAETGTZ XTGHGTET AVA ATETETZGTE KSGCQa E G

AATGGTGGGGAAAGTTAAAGGAGCGGTCACTTCTTGGCTCGGTGGTAAACCGAAGTCGCCACGGTCCGTTGAAGAGTCTCCACAATCACTTGGCACCACC
MV G KV KGAV TS WULG GIXUPIE KSUPURISVETETSFP Q S L GG T T

GTTGGTAAAACTCCCTCGTCCTTGTGTTACACGTAAtgttaagattttgatgtgtgtattatttttgcaattttactcaaaatgttttggttgctatgqt
vV G K TP S s L ¢ Y T -

agggactacggggttttcggattccggtggaagtgagttgggaggcagtggcggaggtaagggagttcaagattctgggaactgaagatttggggttttg
cttttgaatgtttgtgtttttgtatgatgectetgtttgtgaactitgatgtattttatetttgtgtgaaaaagagattgggttaataaaatatttetet

tttggat

and PCR are indicated with arrows under the DNA sequence.

sequenced. The /1i78 cDNAs, including the pre-
viously obtained cDNA clone, corresponded to
the whole gene but for /65 we could only obtain

a ¢cDNA corresponding to the genomic fragment
containing the first two introns. As the PCR am-
plification of the remaining part of the cDNA was



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 /ti78.

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 §1 bp and 85 bp upstream
of the putative initiation codons of the genes /1i78
and ti65, 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 /178 and /i635,
respectively. The estimated sizes of the transcripts
obtained using the criteria above were 2351 bases
for the Iti78 gene and 2171 bases for the /ti65 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 /ti78 and between positions —34
and -29 in /165 (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 [ti78 and /ti65 contained a sequence
TACGTGGC, similar to the ‘ABRE’ (ABA-
responsive element) found in other ABA-induc-
ible genes [9, 25]. The upstream region of /ti65
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 /ti78 gene and between positions
—267 and —229in the /ti65 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 /78
promoter region. In contrast, only one repeat of

1ti78 -402 ATAAAAGATCATACCTATTAGAACGATTAAGGAGAAATACAATTCGAATGAGAAGGATCGTGCCG-TTTGTTATA-ATAAACAG

PR e et

1ti65 -367 TATGCCGTTTTAAATGTTCAAAACAGCACACAGTTGATAGCTGAATTGATTTTTTC TITTGCCGTTTTGTTATATTTAAACA-

1ti78 -321 CCACACGACGTAAACGTAAAATGACCACATGATGGGCCAATAGACA

TGGACCGACTA
[NSRN |1 [ N N RN NN lIIIIIIIII
1tié5 -285 ACACACAGTGCATTTGCCAAATAACTACATGATGGGCCAATAAACG (A,

——--CTAATAATAGTAAGTTACAT-T
PELEREEE P 1t
CTAAATAATAG~AAGATACATCG

1ti78 ~243 TTAGGATGGAATAAATATCATACCGACATCAGTTTGAAAGAAAAGGGAAAAAAAGAAAAAATAAATAAAAGATATACTACCGA
1111

1165 -203 ATAGG-~-——===~=————===om——mmm CTTCTCTARAGATCGG == === == === === == == = ATAAMAGATAATGT- - ~~-

1ti78 -160 CATGAGTTCCAAAAAGCAAAAAAAAAGATCAAGCCGACACAGACACGCGTAGAGAGCAAAATGACTTIGACGTCACACCACGA

1165 168 ——m = m o me oo

1t178 ~77 AAACAGACGCTTCATACGTGTC-~~-=-=~===~=~===

UL e e e

N RN N e N L SN N
CGCATAGCCACGTAGAGAGCAA-CTGGCTGAGACGTGGCAGGACGA

_______________________________ CCTTTATCTCTCTCA

Il
1ti65 -123 AA-CGGACGCATCGTACGTGTCAGAATCCTACAGAAGTAAAGAGACAGAAGCCAGAGAGAGGTGGTTCGGCCATATGTCATCG

1ti78 ~40 GTCTCTC

*

TATAAACTTAGTGAGACCCTCCTCTGTTTTACTCACAAATATGCAAACT-AGAAAACAATCATCAGGAATAAAGGG
VEDVLURTTRI e b 11 it

[N T | 1

111 |
1£i65 ~41 TTCTCTCIATAAACTTTATGGAACTTTGTTCTGATTTTCTCAGAGACACGAAAAGAAAGAAAACAACACTAGAACAAAGAGGEG
*

1ti78 +43 TTTGATTACTTCTATTGG-AAAGAAAAAA---ATCTTTGG

N A ARy
1tié5 +43

AR RRNN
TTTGATTGATTCACTTGAAAAAGAGAAAACACAGCTTTGGAARATG

Fig. 4. Alignment of the 5’ upstream sequences of /1i78 and /i65. 483 bases of the 5’ -untranslated region of /1i78 were aligned with
452 bases of the corresponding region of /ti65. 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 (TACGTGGC and GACGTGG) 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
Iti65.

Similarity of LTI65 and LTI78 polypeptides

The coding region of /ti78, encodes a polypeptide
of 710 amino acids with a predicted molecular
weight of 77856. The smaller gene, /ti65, encodes
a 600 amino acid polypeptide giving a predicted
molecular weight of 64510. 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 pl is low
for both polypeptides, 4.2 for LTI78 and 4.9 for
LTI6S.

Amino acid sequence comparison of the
polypeptides encoded by k65 and /478 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/NFPTRSHEFDLKTES 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 MDQTEEPPLNTHQOHPEEVEHHENGATKMFRKVKARAKKFKNSLTKHGQSNEHEQDHDLVEEDDDD- DELEPEV

| VIR LITD Thsbe 000 bkl LIEIITT: VI bl ld: 10 200
LTI6S 1 MESQLTRPYGHEQAEEPIRIHHPEEEEHHEKGASKVLKKVKEKAKKIKNSLTKHGNGH- - - - DHD- VEDDDDEY DEQDPEV
LTI78 74 IDAP-=--——=~m GVTGKPR~~=-~-— ETNVPASEEI I PPGTKVFPVVSSDYTKPTESVPVQEASYGHDAPAHSVRTTFTSD

Il IIRNRE RN N I R s e A N A
LTI65 77 HGAPVYESSAVRGGVTGKPKSLSHAGETNVPASEEIVPPGTKVFPVVSSDHTKPIEPVSLODTSYGHEALADPVRTTETSD

LTI78 140 KEEKRDVPIHHPL--SELSDREESRETHHESLNTPVSLLSGTEDVTSTFAPSGDDEYLDGORKVNVETPITLEEESA--——
L N N N A N T T
LTI6S 158 WEAKREAPTHYPLGVSEFSDRGESREAHQEPLNTPVSLLSATEDVTRTFAPGGEDDYLGGQRKVNVETPKRLEEDPAAPGG

LTI78 215 VSDYLSGVSNYQSKVTDPTKEETGGVPEIAESFGNMEVTDESPDOKPGQFERDLSTRSKEFKEFDQDFDSVLGKDSPAKFP
PELTELCEREV T e PP e b
LTI65 239 GSDYLSGVSNYQSKVIDPTHKEA-GVPEIAESLGRMKVTDESPDQRSRQ- === ——-——-——-————————m o

LTI78 296  GESGVVERVGEGDESGARLEKDFPIRSHDFDMKTETGHDTNS PSRSHEFDLKTESGNDKNS PMORG SESGARLEREFDOKN
Loe DN T VT T T T =8 =)
LTI65 287 - m oo GREEDEEIBSHEEDLKKESDINKNSPARFGGESKAGMEEDFPTRG

LTI78 377 DSGRNEYSPESDGGLGAPLGGNEPVRSHELDLKNESDIDKDVPTGFDGEPDFLAKGRPGYGEASEEDKFPARSDDVEVETE
I H
LTI65 332 oo e DVRVESG

LTI78 458 LGRDPKTETLDQFSPELSHPKERDEFKESRDDFEETRDEKTEEPKQSTYTEK-~-~--—-—-—=-—-ou-— EA§MLGYSGEI
P b 1 [ARER S [SIEAR!
LTI65 339 LGRDLPTGTHDQFSPELSRPKERD---~--- DSEETKDESTHETKPSTYTEQLASATSAITNKAIAAKNV&AEKLGYTGEN

LTI78 521 PVGDQTQ----——~——=mwmme= VAGTVDEKLTPVNEKDQETESAVITKLPI SGGGSGVEE- QRGEDKSVSGRDYMAEKLT
| N I I N L R RN R N I N A fa:lll
LTI6S 413 GGGQSESPVKDETPRSVTAYGQKVAGTMAEKLTPVYEKVKETGSTXMIKLPLSGGGSGVKETQQGEEKGVTAKNYISEKLK

LTI78 585 TEEEDKAFSDMMAEKLQIGGEEEKKETTTKEVEKISTEKAASEE —————— GEAVEEEVKGGGGMVGRIKGWFGGGATDEVK
[EVI sz 000 1 1 =l AR
LTI65 494 PGEEDKALSEMIAEKLHFGGGGEKKTTATKEVEV VEKIPSDQIAEGKGHGEAVAEEGKGGEGMVGKVKGAVTS ———————

LTI78 660 PESPHSVEEAPKSSGWFGGGATEEVKPKSPHSVEESPOSLGSTVVPVOKEL
A FLEEY TR biet |
LTI65 568 ~——-~c—-o———mmmm WLGG----~~ KPKSPRSVEESPOSLGTTVGKTPSSLCYT
Fig. 5. Comparison of the amino acid sequences of the polypeptides encoded by /78 and /fi65. 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.



357-370, and the sequence GWFGGGATJE-
VKPeSPHSVEEaP is, slightly modified, present
twice in the C-terminal end of the protein.

Differential induction of 1ti65 and 1ti78 by low tem-
perature, ABA and drought

We have shown earlier that the expression of the
Iti78 gene (previously called Iti140) 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 /165 gene could
also be induced by these stimuli and to compare
its expression pattern to that of the /ti78 gene. The
sizes of the mRNAs hybridizing to the 3'-end
fragments of the /ri78 and Iti65 genes used as
probes (Fig. 1), were in accordance with the cal-
culated sizes of transcripts (Fig. 6). The 65
probe crosshybridizes weakly to the /ti78 mRNA,
which resulted in detection of both transcripts
with this probe, whereas the /78 probe used did
not enable the detection of the /65 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 /ti65 and [ti78 gene expression to these
stimuli differed markedly. Comparison of the
relative abundance of the 165 and /1i78 mRNAs
following low-temperature, ABA or drought
treatments suggested that /#i78 is mainly a low-
temperature-induced and /65 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 /78 transcript could be detected
after four hours of low-temperature treatment,
whereas detectable levels of /ti65 mRNA were not
present until after 24 h at 4 °C and they never
reached the level of the Ii78 transcript. Differ-
ences were also evident in the ABA-induced ex-
pression of these genes. Firstly, [ti65 was more
strongly induced by ABA than by low tempera-
ture, in contrast to /ti78 where low-temperature
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Fig. 6. Expression of the /178 and /ti65 genes in response to
different stress treatments in wild-type plants and in ABA-
insensitive and ABA-deficient mutants of A. thaligna. (a) N-
orthern blot analysis of total RNA from wild-type (wt) plants
using a 1.2 kb DNA fragment from the /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-I) 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 Iti78 mRNA level declined upon pro-
longed ABA treatment, whereas /ti65 mRNA
continued to accumulate to a higher level than
that of /ti78 mRNA. In contrast to the differen-
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tial expression of /ti65 and Iti78 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 1ti65
and 1ti78

We have previously demonstrated [26], by em-
ploying ABA-insensitive and ABA-deficient mu-
tants of 4. thaliana, that the induction of the /ti78
gene expression by low temperature, ABA and
drought follows three separate signal pathways.
In the present study, we determined the expres-
sion pattern of /ti65 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 /ti78 [26], the
ABA inducibility of /ti65 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 /fi65 mRNA was abolished in
aba-1, but not in the gbi-1 mutant, in contrast to
1ti78 which is low-temperature-inducible in both
of these mutants. Maximal drought induction of
Iti65 in the wild-type plants appeared during the
first two to four hours of treatment. During this
time, the drought-induced accumulation of the
Ilti65 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 [1i78, where the drought inducibility
is only slightly reduced in the abi-I 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 [#i65 and
Iti78. In conclusion, these data suggest that the
signal pathways mediating the expression of the
Iti65 gene are distinct from those utilized for the
Iti78 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, Iti78 and 165,
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 LTI6S, 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 [/ti65 and /ti78 (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 Iti78 gene was shown to correspond to the
previously isolated cDNA clone [26]. This gene
was previously called /£i140 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 /ti78) predicts a protein with a
molecular weight of 77856, which is also in ac-
cordance with the size of the /£i78 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
1ti78 and 1ti65

The 5’ regulatory sequences of /ti78 and /ti65 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
alsoremains to be demonstrated that the sequence
is an ABA-responsive element in the /78 and
Iti65 genes. So far, no specific promoter elements
involved in low-temperature regulation of any
gene have been identified. Comparison of the /i78
and /ti65 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 /78
upstream region and once in /#i65. The different
number of copies of this element in the two pro-
moters might explain the fact that /#i78 is much
more strongly low-temperature-induced than
1ti65. The same ACCGACA sequence can also be
found in the promoter regions of other low-
temperature-responsive genes from A. thaliana,
rabl8 [21], kinl and kin2 [14]. No promoter se-
quence directly involved in drought induction can
be suggested, and a presence of such an element
in Iti65 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 er al. [37] and Ziff [38]).
The upstream regions of /ti78 and Iti65 contain
similar sequences, such as the sequences GACG-
TAAACGTAA, TGACGTCA and TACGT-
GTC in the /178 promoter and the sequences
AACGTGGA, CACGTA, GACGTGGC and
TACGTGTC in the Iti65 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 1ti65 genes are differentially expressed
by low temperature, ABA and drought

The expression patterns of /#i78 and /ti65 showed
marked differences. Although the expression of
both /ti78 and /#i65 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
Iti78 is clearly a low-temperature-induced gene
which can also respond to drought and ABA,
whereas /ti65 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
Iti65 required a longer exposure to low tempera-
ture or ABA than that of /i78. Furthermore, the
Iti65 transcript level did not show the same de-
cline as the /#i78 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 [ti65
gene expression does not seem to follow the same
signal pathways as that of /r78. Studies with
ABA-deficient (aba-1) and ABA-insensitive
(abi-1) mutants have shown that the low-
temperature induction of [ti78 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
Iti78 (cor160 according to their nomenclature) and
seems to hold for two other cold-regulated genes
as well. In contrast to the expression pattern of
1ti78 and other similarly expressed genes, [i65
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 /65 in
response to drought stress was shown to be
ABA-mediated. In contrast to /78, the drought-
induced accumulation of /#i65 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. rab18 of
A. thaliana [21] and drought-induced genes of to-
mato and maize [ 1, 29]. However, the expression
pattern of /1i65 is not identical to that of the rabl8
gene where both the low-temperature and drought
responses are strictly ABA-mediated. In conclu-
sion, the expression pattern of /ti65 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 /78 and rabl8,
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 LTI6S 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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