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Abstract 

Several low-temperature-responsive (LTR) genes from barley have been shown to have high steady-state 
transcript levels. Run-on transcription was used to determine the control of expression of these LTR 
genes. Six of these are shown to be transcriptionally regulated (blt 4/9, blt 101, blt 1015, blt 63, blt 49, 
blt410) whilst three are post-transcriptionally regulated (blt 14, blt 411, blt 801). Two transcriptionally 
regulated genes (blt 4/9 and blt 101) and one post-transcriptionally regulated gene (blt 14) have been used 
in expression studies. The time course for the appearance and decay of these transcripts is given. Ini- 
tial appearance and steady-state levels of individual transcripts have different temperature characteris- 
tics but no single gene correlates with the cold acclimation response. We suggest that these different 
response profiles may represent a means of fine-tuning the low-temperature response. One gene, blt 4/9, 
also accumulated high steady-state levels of transcript in response to drought and a nutrient stress. 
However, only drought has an acclimating effect on barley plants. 

Introduction 

The response of plants to a low positive tempera- 
ture treatment is a complex phenomenon which, 
in many temperate species, acclimates them to 
frost tolerance to varying degrees. This process 
has been shown to be accompanied by altered 
gene expression [14], indeed when de novo pro- 
tein synthesis is inhibited by cyclohexamide plants 
that fail to acclimate [4, 29]. The ability to accli- 
mate to frost tolerance is under genetic control 
with different species and cultivars showing 
different levels of frost hardiness. The most 
extensively studied species is wheat where frost 

hardiness has been demonstrated to be a multi- 
genic additive trait with major contributions from 
a few identifiable genes [30, 32]. In barley, seg- 
regation of frost hardiness and spring growth 
habit has been studied in doubled haploid prog- 
eny of crosses between winter and spring culti- 
vars [6]. Such studies demonstrate that, although 
the low-temperature response is complex, in 
cereals a relatively small number of genes are 
expected to have major effects. 

Cellular and metabolic changes that occur 
during hardening have been studied and these 
include increased levels of sugars, soluble pro- 
teins, proline and organic acids as well as the 
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appearance of new isozymes and altered lipid 
membrane composition [14, 31]. Some of these 
changes may result from the accumulation of 
metabolites due to a reduction in growth rate but 
the fact that plants inhibited in protein synthesis 
are unable to acclimate indicates that new or in- 
creased levels of some gene products are essen- 
tial for acclimation. 

A small number of low-temperature-responsive 
(LTR) genes have been cloned from Arabidopsis 
[13, 17-19, 25], alfalfa [22], spinach [23], Bras- 
sica napus [33], wheat [19], barley [3, 7-9, 11] 
and rye [35]. These genes represent mRNAs 
which at steady-state mRNA levels, are induced 
or enhanced by low temperature. The number of 
LTR genes cloned is relatively small and as yet no 
in vivo function has been assigned to any of them. 
However, one LTR Arabidopsis gene product has 
been shown to have cryoprotective activity in vitro 
[20] and a barley LTR gene (blt 4) has significant 
homology to plant lipid transfer proteins [15] 
which have been demonstrated to transfer phos- 
pholipids between membranes in vitro [2]. A 
second barley LTR gene (blt 63) encodes a trans- 
lation elongation factor lc~ [9]. 

The complex nature of the low-temperature re- 
sponse in plants is illustrated by the fact that 
many of the low-temperature-responsive genes 
investigated are also inducible by the phytohor- 
mone abscisic acid and by water stress [13, 17]. 
However, since abscisic acid-insensitive mutants 
of Arabidopsis are capable of expressing LTR 
genes and acclimating in response to cold, inde- 
pendent control mechanisms have been proposed 
for low-temperature and abscisic acid [10, 24]. 
Further illustration of the complexity of the low- 
temperature response is provided by the fact that 
Arabidopsis LTR genes show both transcriptional 
and post-transcriptional control [13]. In this 
paper, we present evidence that different barley 
LTR genes are regulated in different ways, are 
detectable at different temperatures and are dis- 
tinguished by their response to other stresses. 
These data demonstrate a complexity of the plant 
response to low temperature not revealed by 
physiological and biochemical studies. 

Materials and methods 

Plant material 

Run-on transcription 
Hordeum vulgare. L. cv. Igri were sown in John 
Innes No. 2 compost and grown for 16 days in 
20 °C day/15 °C night, 10-h day, 170 #mol m - 2  
s-1 photon flux density. Half  the plants were 
transferred to the cold: 6 °C day/2 °C night, 10-h 
day, 150#mol m -2 s -1, for a further 12 days. 
The remainder continued in the original environ- 
ment for a further 3 days. Plants were harvested 
at the same developmental stage (3-4 leaves). 
Meristematic tissue was removed as described 
previously, [ 15] frozen in liquid N2 and stored at 
-80 °C. 

Time course 
H. vulgare cv. Igri grown at 20 ° C/15 °C as pre- 
viously described [16] was transferred to LT 
6 ° C/2 ° C, 10-h day, and samples were harvested 
for RNA extraction after 1, 3 and 7 days. Some 
plants which had been subjected to this low- 
temperature treatment for 7 days were transferred 
back to control 20 °C/15 °C conditions and 
samples harvested for RNA extraction after 6, 35 
and 100 h. 

Temperature transfer and frost regrowth tests 
Plants were grown to the third leaf stage at 18 ° C 
day/10 °C night (10-h day). One group of plants 
remained at 18 ° C/10 ° C whilst the others were 
transferred to one of the following regimes; con- 
stant 12 °C, constant 9 °C, constant 6 °C or 
6 °C day/2 °C night for either 7 or 14 days. All 
plants had a 10-h day. Some plants acclimated at 
6 ° C/2 ~ C for 14 days were further transferred to 
4 °C d a y / -  4 °C night (10-h day) for 7 days. 

Plants were harvested for RNA extraction or 
used to measure hardiness by regrowth after frost 
tests as described in Pearce [28]. Regrowth was 
measured after 7 and 14 days. 

Drought and nutrient stress 
Plants were subjected to drought stress as previ- 
ously described [8]. Plants were subjected to 



nutrient stress by using vermiculite as the growth 
medium and grown in the control temperatm'e 
regime of 20 °C day/15 °C night without nutrient 
supply. 

RNA extraction 

Total RNA was extracted from 4-5 g (80-100 
plants) leaf sheath base material as described [7]. 

Northern blot analysis 

Approximately 5 #g denatured total cellular RNA 
per well was electrophoresed in 1 70 agarose gels 
in the presence of formaldehyde, transferred to 
Hybond-N membranes (Amersham Interna- 
tional) and probed as described [7]. 

Filters were washed at high stringency, 2 x 
SSPE (1 x SSPE is 0.18 M sodium chloride, 
0.01M sodium phosphate, 0.001M EDTA 
pH 7.7), 0.1 ~o w/v SDS at room temperature for 
10min twice; l x  SSPE, 0.17o (w/v) SDS at 
65 °Cfor  15 min; 0.1 x SSPE, 0.17o w/v SDS at 
65 for 10 min twice, and exposed to autoradiog- 
raphy using Fuji RX film. 

Densitometric analysis 

Autoradiograph peaks were analysed using a 
Chromoscan 3 densitometer (Joyce Loebl). 

Nuclear run-on transcription 

Nuclei were isolated from low temperature (6 ° C/ 
2 °C) and control temperature (20 °C/15 °C) 
barley shoot meristematic tissue using the follow- 
ing modifications of the method of Cox and Gold- 
berg [5]: 10 g (200 plants) plant material was 
ground to a fine powder in liquid nitrogen using 
a mortar and pestle; the final nuclei pellet was 
resuspended in 250/~1 of resuspension buffer 
(50 mM Tris-HC1 pH 8.5, 5 mM MgC12, 507o v/v 
glycerol). 
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Dot blots carrying 5 #g linearised recombinant 
plasmid DNA per well were prepared. Plasmid 
DNA was denatured by boiling 15min with 
0.1 vol 1 M NaOH, neutralised with 0.1 vol 1 M 
HC1, and equal volume of 20 x SSC (1 x SSC is 
0.15 M NaC1, 0.015 M sodium citrate) added. 
Samples were applied to pre-wetted nitrocellulose 
in a BioRad dot blot vacuum manifold, washed 
with 6 x SSC. The filter was baked at 80 °C for 
2h. 

Approximately 2 x 107 nuclei were used for 
run-on transcription using the modified method 
of Cox and Goldberg [5]. 2 x 107 nuclei were 
incubated with 75 units RNase inhibitor (Phar- 
macia), 100mM (NH4)2804, 4 m M  MgC12, 
0.3 #M phosphocreatine, 0 .5mM each ATP, 
GTP, CTP, (BCL), 0.25 mg/ml creatine phospho- 
kinase, 250 #Ci [32p]UTP (Amersham SP6/T7 
grade, 800 Ci/mmol) 30 °C, 20 min, RNA was 
extracted from nuclei after digestion with 2 x 103 
units DNase (RNase-free, Pharmacia) at 30 ° C, 
10min, then made 10 #M Tris-HC1, pH 7.6, 
5 mM EDTA, 17o SDS and incubated with Pro- 
teinase K (100/~g/ml, Sigma) at 42 °C, 30 min. 
50/~g carrier tRNA (yeast, BRL) were added and 
the reaction mixture was extracted with an equal 
volume of phenol/chloroform/isoamyl alcohol 
(IAA) (25:24:1) twice, chloroform/IAA (24:1) 
once and precipitated at -20 ° C, 7 h, with 0.1 vol 
sodium acetate 2.5 vol ethanol. RNA was recov- 
ered by centrifugation and redissolved in 100 #1 
sterile water, made 5 x SSPE. Nitrocellulose fil- 
ters were prehybridised in 5 ml prehybridisation 
solution (5 x SSPE; 5 x Denhardt's solution 
(0.1 70 B SA, 0.1 ~o Ficoll, 0.1 70 polyvinylpyrroli- 
done (PVP360)); 0.17o SDS, 250/~g/ml tRNA, 
100 #g/ml salmon DNA) in a 10 ml universal for 
16 h at 42 °C. [32p]UTP-labelled RNA was de- 
natured at 90 °C for 10 min and added to pre- 
hybridisation solution, made 1070 w/v dextran 
sulphate and incubated at 42 °C for 42 h. Filters 
were washed in 2 x SSC, 0.170 SDS for 5 min at 
20 °C twice and 0.2 x SSC for 30 min at 50 °C 
three times and exposed to autoradiography using 
pre-flashed Fuji RX100 film. 



882 

Results 

Nuclear run-on transcription 

We investigated the regulation of nine barley LTR 
genes, all of which have been shown to have en- 
hanced steady-state levels of m R N A  in 3-4 leaf 
plants of the winter barley cultivar Igri, in re- 
sponse to a two-week low-temperature treatment 
of 6 ° C / 2 ° C  (blt4 [8]; b l t l 4  [7]; blt63 [9]; 
bltlO1 [11]; blt49, blt410, bit411, blt801, 
bit 1015; M.A. Dunn and M.A. Hughes, unpub- 
lished data). To determine whether the increased 
steady-state mRNA levels of LTR genes, ob- 
served when plants are transferred to a low- 
temperature regime, represents transcriptional or 
post-transcriptional regulation of these genes, nu- 
clei were isolated from low temperature (LT) 
(6 °C/2 °C) and control (HT) (20 °C/15 °C) 
barley shoot meristematic material and used in an 
in vitro run-on transcription assay. The results 
shown in Figs. 1A and 1B indicate that four genes 
(blt4/9, blt 101, blt 1015 and blt410) have high 
levels of transcript present at low temperature but 
very low levels at the control, indicating that these 
genes are transcriptionally regulated in response 
to low temperature. Two members of the blt 4 
gene family, blt 4/1 (previously referred to as blt 4 
[8]) and blt 4/9, cross-hybridize and are indistin- 
guishable in expression studies using complete 
cDNA sequences although the 3' non-coding se- 
quence of blt 4/9 (blt 4/9-3') has no homology 
with blt 4/1 (unpublished data). Two genes (blt 63 
and blt 49) have high levels of their respective 
transcripts at the control temperature, both of 
which increase markedly with the low-tempera- 
ture treatment (Fig. lb), indicating that these 
genes are also transcriptionally regulated at LT. 

In contrast to the LT transcriptional response, 
two genes (blt 14 and blt 411) have very low lev- 
els of detectable transcript in both temperature 
treatments, indicating low transcription rates, in 
both LT and control temperature. One gene 
(blt 801) which also accumulates to high steady- 
state levels at LT appears to be transcriptionally 
down-regulated at low temperature (Fig. lb), al- 
though transcription rates at both temperatures 

Fig. 1. Nuclear run-on transcription analysis. A. Duplicate 
nitrocellulose filters contain 5 #g linearised recombinant DNA 
per well. Filters hybridised with [32P]UTP-labelled nuclear 
run-on transcripts. B. Densitometric analysis of run-on tran- 
scription assay. Transcription level: integral of autoradio- 
graphic peak in arbitrary units. C, non-recombinant plasmid; 
4/9 (blt 4/9), 4/9-3' (blt 4/9 non-coding 3' end), 101 (blt 101), 
14 (blt 14), 14-3' (blt 14 non-coding 3' end), 410 (blt 410), 801 
(blt 801), 801-3' (blt 801 non-coding 3' end), 63 (blt 63), 411 
(blt 411), 49 (blt 49), 1015 (blt 1015) cDNA recombinant plas- 
mids. HT, plants grown at 20 °C/15 °C; LT, plants grown at 
6 °C/2 °C. 

are higher than those of blt 14 and blt 411. Since 
all three transcripts (blt 14, blt 411, blt 801) accu- 
mulate at LT but non HT, these results suggest 
that low temperature stabilises the transcripts of 
these three genes and that their regulation is 
therefore post-transcriptional. Bit 14-3' repre- 
sents the non-coding region of this gene which 
distinguishes between members of the blt 14 
multigene family. 

Time course for  temperature response 

Three genes (blt4/9, blt 14 and blt 101) whose 
transcripts reach high steady-state levels in LT- 
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treated shoot meristems but whose control dif- 
fers, were used for further expression studies. 
Blt4/9 and blt 101 are both transcriptionally 
regulated at LT, whereas blt 14 is post-transcrip- 
tionally controlled (Fig. 1). 

The rates of appearance and decay of tran- 
scripts of these three LTR genes after transfer to 
low temperature (6 °C/2 °C) (acclimation) and 
return to the control temperature (20 ° C/15 ° C) 
(deacclimation, unpublished data) are shown in 
Fig. 2. Figure 2a shows northern blot analysis of 
steady-state homologous m R N A  levels of the 
genes blt 4/9, blt 14 and blt 101 in plant material 
grown under standard low temperature (6 °C 
day/2 °C night) and control (20 °C day/15 °C 
night) conditions as described by Hughes and 
Pearce [16]. All three genes shown a strong dif- 
ferential response, blt 14 and blt 101 have no de- 
tectable signal at the control temperature in con- 
trast to blt 4/9 which has low basal levels. After 
transfer from control to low temperature, steady- 
state transcripts increase to almost maximal lev- 
els after seven days (Fig. 2b) with the transcripts 
of blt 101 and blt 4/9 appearing more rapidly than 
that of blt 14. 

Transfer back to the control temperature 
(20 ° C/15 ° C) resulted in a decrease in transcript 

levels over a four-day period (Fig. 2c). Blt 101 
decreased most rapidly, having almost disap- 
peared after four days. Steady-state levels of 
blt 4/9 and blt 14, although decreasing were still 
relatively high after four days. 

Expression of LTR genes and freezing tolerance 

The expression of the LTR genes blt 4/9, blt 14 
and blt 101 (as steady-state m R N A  levels) is 
shown at a range of temperatures in Fig. 3. Plants 
were grown at 18 °C day/10 °C night tempera- 
tures before transfer. After seven days treatment 
both blt 101 and blt 14 mRNAs are detectable at 
constant 9 °C whereas maximum levels in this 
experiment are seen at 6 ° C/2 ° C. After fourteen 
days, low levels of both blt 101 and blt 14 mRNAs 
are detectable at 18 °C/10 °C and 12 °C with 
further increases at constant 9 ° C, constant 6 °C 
and 6 °C/2 °C. In contrast to these two genes, 
after both 7 and 14 days, the blt 4/9 transcript 
decreases on transfer from 18 °C/10 °C to con- 
stant 12 °C but shows an increase similar to 
blt 101 and blt 14 between 9 °C and 6 °C/2 °C. 
The presence of blt 4/9 transcript at 18 ° C/10 ° C 

Fig. 2. Northern blot analysis of accumulation and decay of 
transcripts of blt 14, blt 101 and bit 4/9 during acclimation and 
deacclimation, a, L, 6 °C/2 °C; H, 20 °C/15 °C (standard 
conditions); b, transferred from 20 °C/15 °C to 6 °C/2 °C for 
1, 3, 7 days; c, transferred from 6 ° C/2 °C to 20 ° C/15 °C for 
0.5, 1.5, 4 days. 

Fig. 3. Northern blot analysis of blt l4, blt lO1 and blt 4 
steady-state transcript levels after 7 days or 14 days at 18 °C/ 
10 °C(1), 12 °C(2),9 °C (3), 6 °C(4), 6 °C/2 °C(5); 18 °C/ 
10 °C grown plants immediately before transfer (0). 14, b/t 14; 
101, blt 101; 4/9, blt4/9. 
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which is reduced at 12 °C indicates that upregu- 
lation ofblt 4/9 begins between 12 °C and 10 °C, 
whereas blt 14 and blt 101 are not upregulated 
until below 10 °C. Control plants grown at 
20 °C/15 °C show only basal levels similar to 
those grown at 12 °C (Fig. la). 

The freezing tolerance of plants given the tem- 
perature treatments shown in Fig. 3 was mea- 
sured by regrowth of the crown and expressed as 
an LTso, that is the temperature at which 50~o of 
the plants survived. Figure 4 shows that freezing 
tolerance is related to the pattern of accumulation 
of blt4/9 mRNA between 18 °C/10 °C and 
6 °C/2 °C. Thus the LTs0 of plants grown at 
18 °C/10 °C is significantly lower than those 
transferred to constant 12 °C for one week, in- 
dicating deacclimation between 10 °C and 12 ° C. 
A relationship between blt 4/9 mRNA levels and 
frost tolerance is also present after 14 days LT 
treatment where there is a general increase in frost 

tolerance at all temperatures except constant 
6°C.  

Figure 5 shows that transfer of plants from 
6 °C/2 °C to 4 ° C / -  4 °C results in a further 
increase in the steady-state levels of all three tran- 
scripts; however, the increase in levels of blt 101 
and blt 14 is proportionately much greater than 
that ofblt 4/9. The LTso of crown regrowth is also 
reduced by this sequential lower-temperature 
treatment. 

Effects of drought and nutrient stress 

It has previously been shown that a number of 
LTR genes are also induced by drought and that 
drought treatment can acclimate plants for frost 
tolerance within a few degrees of that induced by 
a low positive temperature treatment [32]. The 
responses of the LTR barley genes, blt 4/9, blt 14 
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Fig. 5. Northern blot analysis of the response of blt 4, blt 14 
and blt 101 to freezing, nutrient and drought stress. H, 20 °C/ 
15 °C; F, 4 ° C / - 4  °C; L, 6 °C/2 °C; N, nutrient stress; D, 
drought stress. 4, blt 4; 14, blt 14; 101, blt 101. Frost hardiness 
is shown as LTs0, temperature at which 50~o of plants regrow 
(n = 16). 

and blt 10 l, to both drought and a nutrient stress 
are shown in Fig. 5. Northern blot analysis of 
steady-state mRNA levels shows that blt 4/9 is 
responsive to both drought and the nutrient stress 
whereas blt 14 and blt 101 are only slightly in- 
duced by these treatments. Drought stress accli- 
mates plants for frost tolerance to within 1.5 °C 
(LTs0) of the low-temperature (6 ° C/2 ° C) treat- 
ment, however the nutrient stress used in this 
experiment did not result in any increase in frost 
tolerance. 

Discussion 

In barley, changes in gene expression in response 
to low temperature result in a set of elevated 
mRNAs which may encode proteins having a role 
in acclimation for frost tolerance. Whether all 
newly expressed or enhanced proteins are part of 
this process is not clear. In this study we have 
analysed the expression and control mechanisms 
of several LTR genes in relation to acclimation 
for frost tolerance. The data presented here indi- 
cate that, although three genes (blt 4/9, blt 14, 
blt 101) show similarly increased steady-state 
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mRNA levels in response to a temperature shift 
from 20 °C day/15 °C night (or 18 °C day/10 °C 
night) to 6 °C day/2 °C night, each gene has 
unique response characteristics. 

Some caution is necessary in interpreting the 
expression of blt 4/9 since this represents one of 
two cross-hybridising members of the blt 4 mul- 
tigene family. There is likely, therefore, to be some 
cross-hybridisation between the transcripts of 
these two genes or those of other members of this 
gene family. The use of a 3'-specific probe for 
blt 4/9 in the run-on transcription assay confirms 
that blt 4/9 is low-temperature-responsive. Fur- 
ther work is underway to assign specific responses 
to each member of the gene family. 

Run-on transcription data show that blt 4/9 and 
blt 101 are transcriptionally regulated in response 
to LT whereas blt 14 is not (Fig. 1). The high 
steady-state mRNA level of blt 14 at 6 ° C/2 °C is 
thus consistent with post-transcriptional stabili- 
sation of the blt 14 message at low temperature 
since no changes in blt 14 transcript size have 
been detected after temperature transfer (data not 
shown). Further, the time course experiment 
(Fig. 2) shows that there is a more rapid increase 
in blt 101 and blt 4/9 transcript levels compared 
to blt 14, which appears to be transcribed at low 
levels in both temperature regimes. The relatively 
slow accumulation of blt 14 compared with blt 4 
genes and blt 101, confirms the relatively slow 
rate of transcription of this gene indicated by 
run-on transcription. These three genes also dif- 
fer in their response to a deacclimation treatment. 
Thus, on return to the control temperature, the 
transcript of blt 101 rapidly disappears whereas 
those ofblt  14 and blt 4/9 decay more slowly. This 
may indicate that a stabilising factor is involved 
in post-transcriptional regulation of both bit 14 
and blt 4/9. 

These data are similar to the findings of Hajela 
etal. [13] who reported that low-temperature- 
regulated accumulation of the transcript of one 
Arabidopsis gene was primarily transcriptionally 
regulated whilst three other genes were post- 
transcriptionally regulated. The responses and 
decay of all four Arabidopsis transcripts were 
however more rapid than those of the barley LTR 
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genes. Two of the Arabidopsis genes showed al- 
most identical patterns of temperature induction 
of transcript even though different control mecha- 
nisms were involved. Recently a LTR gene alfalfa 
[34] has been shown to be both transcriptionally 
and post-transcriptionally regulated with a tran- 
scription-dependent factor implicated in rapid 
decay of specific mRNA on deacclimation. It may 
be that a similar factor in barley affects some LTR 
genes and is responsible for different rates of 
decay. The precise nature of the control of sta- 
bility of these LTR gene transcripts is currently 
under investigation. 

Selective enrichment of de novo synthesised 
thiouridine labelled mRNA was used by Weretil- 
nyk et al. [33] to study the synthesis of a low- 
temperature-responsive gene from Brassica napus. 
The results indicated that the transcript is prima- 
rily transcriptionally regulated although they 
could not exclude the possibility of post-transcrip- 
tional stabilisation since the labelling was carried 
out over an 18-hour period. In contrast to the 
technique used by Weretilnyk etal. [33], the 
run-on transcription assay labels nascent tran- 
scripts already initiated at the time of harvesting 
the plant material [ 1 ] and thus demonstrates more 
clearly differences in transcription rates in vivo. 

All of the LTR genes which have been pub- 
lished have been selected by differential screening 
using mRNA derived probes from plant material 
treated between 0 °C and 5 °C and a control 
temperature treatment (between 15 °C and 
25 °C). Subsequent expression studies on these 
genes have used the same temperature treatments 
[3, 10, 13, 17, 22-24, 33]. Although expression of 
a number of LTR genes has been shown to 
broadly correlate with cold acclimation [10, 17, 
22, 23, 25, 36], the precise temperature at which 
transcripts appear and reach maximum steady- 
state levels is unreported. This information may 
be important in confirming which genes have a 
role in cold acclimation since temperatures lower 
than 12 °C are required to acclimate most frost- 
tolerant plants [12]. Genes which begin to be 
transcribed above 12 °C many however have a 
role in temperature sensing or conditioning the 
plant for subsequent acclimation response. Our 

investigation of transcript levels and acclimation 
at a range of temperature indicates fine-tuning of 
the response of barley genes to low temperatures. 
Thus the transcript level of blt 4/9 begins to in- 
crease between 12 °C and 10 °C whereas those 
of blt 101 and blt 14 only begin to increase at 9 °C 
(Fig. 3). Blt 101 and blt 14 show almost identical 
patterns of increase between 9 °C and -4°C,  
which correlate well with the acquisition of in- 
creasing frost tolerance over this temperature 
range (Fig. 5). Transcript levels of blt 4/9, how- 
ever, are not significantly increased by the sub- 
zero treatment. These data indicate that sequen- 

t ial  events may occur in the low-temperature 
response, but it remains to be determined whether 
they are interdependent. It is also interesting that 
blt 101 and blt 14, which have almost identical 
patterns of transcript accumulation in response 
to different temperatures and other stresses 
(Fig. 5), have been shown to be regulated by dif- 
ferent mechanisms (Fig. 1). 

In common with several LTR genes from other 
species we have previously shown that blt4 
(blt4/1) is ABA and drought responsive [15]. In 
contrast blt4 and blt 101 are not [15, 11]. Here 
we show that a nutrient stress also induces blt 4/9 
to levels comparable with drought, but although 
the drought treatment significantly increases 
freezing tolerance of the plants, the nutrient stress 
does not (Fig. 5). This indicates that the role of 
the blt 4 gene family in the plants' low tempera- 
ture and drought responses is likely to be inter- 
active with other more specific gene products. 

It is interesting to note that the LTR genes 
which we have isolated from barley are different 
from those isolated in other studies, many of 
which were from Arabidopsis [13, 17, 24] or re- 
lated dicots [23, 33]. The dicotyledonary LTR 
genes have homology to each other and other 
dehydrative stress-related genes. This different 
range of barley LTR genes may reflect the fact 
that leaf meristematic and crown (apical mer- 
istem) material, which is essential for survival of 
cereals at low temperature [26, 27], was the 
source of the cDNA library used in this study, 
which is in contrast to most other studies, where 
whole plants or mature leaf material was used. 
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