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Rapid Upregulation of Dehyrin3 and Dehydrin4 in Response to
Dehydration Is a Characteristic of Drought-Tolerant
Genotypes in Barley
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The identification of molecular markers and marker-aided selection are essential to the efficient breeding of drought-tolerant
plants. However, because that characteristic is controlled by many quantitative trait loci, such markers that can screen and
trace desirable barley genotypes in a segregating population or germplasm have not yet been determined. Relative water con-
tent has been used to estimate drought tolerance in plants because it is highly correlated with the drought index of yield. To
develop reliable gene-specific markers for identifying tolerant versus susceptible genotypes, we performed suppression sub-
tractive hybridization to identify candidate genes. We used two domestic barley cultivars, one having the highest RWC
(drought-tolerant ‘Chalbori’) and the other having the lowest (drought-susceptible ‘Daebaekbori’). In response to ‘dehydra-
tion at the early seedling stage, rapid upregulation of Dehydrin3 (Dhn3) and Dhn4 occurred in the drought-tolerant geno-
types, but not in the susceptible ones. Similar results were obtained with mature plants growing under frequent drought
stress in the greenhouse. In addition, Dhn3 and Dhn4 conferred higher drought tolerance when they were over-expressed in
transgenic Arabidopsis. Thus, in addition to using assessments of RWC, we propose that Din3 and Dhn4 expressions can
serve as drought-induced gene-specific markers to determine drought-tolerant barley genotypes at the seedling stage.
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Soil water deficit is one of the most severe environmental  through studies of genes expressed abundantly during the
stresses limiting stable crop production worldwide (Boyer, ~ maturation phase of seeds, when embryos are being dehy-
1982). It negatively affects nearly all aspects of metabolism  drated prior to entering dormancy (Baker et al., 1988; Dure,
during stages of growth and development, causing depreci-  1993). LEA genes generally belong to a small multigene fam-
ated crop yields when plants are unable to produce ade- ily; the LEA proteins often contain sequence motifs that are
quate dry matter. Conventional breeding efforts to improve  repeated several times. Different members of an LFA family
tolerance would be aided if researchers could identify effi-  can vary in the number of those repeats (Campbell and
cient biochemical and/or molecular markers associated with  Close, 1997). In addition, even within the same gene family,
improved field performance under drought conditions. the expression of different members is not tightly coordi-

To cope with unfavorable environments, higher plants as  nated because some LEA genes are responsive not only to
sessile organisms can respond immediately to stresses  developmental cues but also to environmental factors. For
through signaling processes and changes in their gene  example, dehydrin genes (Dhn, LEA D11 family) are
expression. A particular set of genes is rapidly induced in  expressed not only in seeds during late embryogenesis but
response to osmotic stresses caused by drought or salinity, as  also in seedlings or more mature tissues in response to
well as low-temperature stress (Bray, 1993; luchi et al,  drought, low temperature, high salt, or ABA applications
1996; Cellier et al., 1998; Seki et al., 2001; Chen et al.,  (Close et al., 1989; Close, 1997; Choi et al., 1999; Choi
2002). Drought-inducible genes can be divided into two  and Close, 2000). The amino acid sequences of dehydrin
groups encoding functional or regulatory proteins (Ingram  proteins (DHNs) are very similar to one another and to pre-
and Bartels, 1996; Shinozaki and Yamaguchi-Shinozaki,  viously identified rice proteins, e.g., RAB, which are
1997). Functional proteins play important roles in protecting  induced by either ABA or high salt (Robertson and Chandler,
cells against dehydrative damage, via water channels in cell ~ 1992). Campbell and Close (1997) have postulated that
membranes, osmolytes, chaperones, LEA proteins, protein-  DHNs are directly associated with traits necessary for adap-
ases, and detoxifying enzymes. Regulatory proteins are tation to winter hardiness as well as to the capability for
involved in the regulation of signal transduction, which  yield retention under drought stress. Moreover, DHNs may
induces a set of genes encoding functional proteins for tran-  be directly involved in the stability of the plasma mem-
scription factors, protein kinases, and enzymes for phospho-  brane during seed desiccation and dormancy (Houde et al.,
inoside metabolism. 1995; Thomashow et al., 1996). However, the biological

Among these drought-inducible proteins, the late-  functioning of each DHN has not yet been determined,
embryogenesis-abundant  proteins were first described  especially in response to drought stress.

Relative water content is an appropriate measure of plant
*Corresponding author; fax +82-2-873-2056 water status in terms of the physiological consequence of
e-mail ncpaek@snu.ac.kr cellular water deficit. RWC, through its relationship to cell
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volume, may more closely reflect the balance between
water supplies to leaves and water loss from transpiration
under drought stress (Schonfeld et al., 1988). Thus, RWC
has long been used for estimating relative drought tolerance
among crop plants, having first been termed as ‘relative tur-
gidity’ (Barrs and Weatherley, 1968).

Although several physiological and genetic mechanisms of
drought tolerance have been investigated in many species,
an efficient method for selecting drought-tolerant genotypes
has not yet been established, possibly due to its experimen-
tal difficulty and reliability. Furthermore, the field perfor-
mance of drought-tolerant crop plants is mainly controlled
by quantitative trait loci. Thus, it would be helpful to plant
breeders if researchers could identify reliable, gene-specific
markers that are induced only in drought-tolerant genotypes
in response to water deficit. Here, we investigated the cor-
relation among RWC, drought index of yield, and Dhn3 and
Dhn4 expressions in tolerant genotypes of barley. We also
examined the degree of tolerance in transgenic Arabidopsis
plants over-expressing Dhn3 or Dhn4. Our objective was to
determine whether upregulation of Dhn3 and Dhn4 in
dehydrated seedlings could serve as a practical molecular
marker for screening and tracing tolerant genotypes in con-
ventional barley breeding programs.

MATERIALS AND METHODS

Plant Materials and Growing Conditions

Based on our previous results (Fu et al., 2003a, b), we
selected the following cultivars of barley (Hordeum vulgare
L.): Korean drought-tolerant ‘Samdobori’, ‘Chalbori’, and
‘Dongbori-17; Korean drought-susceptible “Suwonmac-360,
“‘Wolsung87-31", and ‘Daebaekbori’; and US drought-toler-
ant ‘Dicktoo’. All plants were reared in a growth chamber,
where they were placed in soil-filled plastic pots under cool
white fluorescent light (150 mol m™ s™'; 16-h photoperiod)
at 20°C. For the dehydration treatment, the leaf blades of
seedlings at 5 d post-emergence were detached and placed
on dry filter paper in plastic boxes, which were then sealed
and held at room temperature (25°C) for 2 or 12 h. To
determine a drought index of yield in the greenhouse
before grain harvest, one-month-old plants were subjected
to frequent water deficit by irrigating only when the soil was
nearly dry and most plants were stressed by dehydration.
Control plants were grown under continuous, water-suffi-
cient soil conditions.

Relative Water Content

Discs (1.5 cm diam.) were cut, with a metal borer, from
the mid-leaf sections on mature plants that had been fre-
quently stressed in the greenhouse. To measure RWC, the
fresh weight (FW) of each disc was recorded immediately.
Afterward, the discs were floated on distilled water for 4 h in
a covered box, rapidly blotted with a paper towel, and mea-
sured for their turgid weight. Finally, they were wrapped in
3MM filter paper and oven-dried at 60°C for 24 h to obtain
dry weights. RWC was calculated using the formula of Barrs
and Weatherley (1968):
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RWC (%) = [(FW-DW) / (TW-DW)] x 100
where, FW = fresh weight, TW = turgid weight, and DW
= dry weight.

Suppression Subtractive Hybridization and Differential
Screening

Total RNA was extracted with a Nucleospin RNA Plant kit
(Macherey-Nagel, Germany), and the poly(A)-enriched RNA
was purified by an mRNA purification kit (Ambion, USA).
The ¢DNAs were synthesized using M-MLV reverse tran-
scriptase (Promega, USA), according to the manufacturer's
protocol. Suppression subtractive hybridization was per-
formed between the drought-tolerant ‘Chalbori’ as tester
and the drought-susceptible ‘Daebaekbori® as driver, using a
PCR-Select cDNA Subtraction Kit (Clontech, USA) according
to the manufacturer's manual. A subtractive cDNA library
was established using secondary PCR products from the for-
ward subtraction, cloned by the T/A cloning system
(Promega, USA), and transformed into E. coli strain JM109.
These were arrayed on a nylon membrane using the Micro-
Grid (Genomic Solution, USA). Bacterial colonies were
grown on this membrane, then denatured by the NaOH
method for dot blotting. A forward-subtracted probe was
the secondary PCR product of the forward-subtracted
cDNA, while the unsubtracted tester probe was the tester
cDNA. Each [a-**P] dCTP-labeled probe was separately
hybridized to determine possible gene expression in
*Chalbori” and ‘Daebaekbori’.

One-Step Semi-Quantilative RT-PCR

Total RNA was isolated from leaf tissues with a Nucleospin
RNA Plant kit (Macherey-Nagel, Germany). To evaluate the
expression levels of Dhn genes, one-step semi-quantitative
reverse transcription-polymerase chain reaction (RT-PCR)
was performed, using 2 pg of total RNA and gene-specific
primer sets (50 pmole per primer). These were added to 50
ul of AccuPower RT/PCR PreMix (Bioneer, Korea). RT was
conducted at 42°C for 50 min before 25 cycles of PCR
amplification were carried out, with 60°C set as the anneal-
ing temperature.

Arabidopsis Transformation and Drought Stress Condi-
tions

Using linker-attached, gene-specific primer sets, we
amplified the full-length ORFs of Dhn3 and Dhn4 via R1-
PCR, with total RNA of ‘Chalbori” and the T/A cloning kit
(Promega). The 355:Dhn3 and 35S:Dhn4 transgenes in the
recombinant pMBP-1 binary vector were transformed into
Arabidopsis thaliana (Columbia ecotype) by a simplified flip
dipping method with Agrobacterium tumefaciens strain
GV3101 (Clough and Bent, 1998). Transgenic Arabidopsis
plants were selected on a 0.5x GM medium containing 100
uM kanamycin, and then 6 Dhn3 and 13 Dhn4 transfor-
mants were finally selected by RT-PCR. Four-day-old seed-
lings were grown on a standard GM medium and
transplanted onto a GM medium containing 500 mM man-
nitol in order to examine their drought tolerance. In addi-
tion, both wild-type and transgenic plants were reared for 4
weeks in soil in a growth chamber at 22°C, with 60%
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humidity, cool white fluorescent light (100 mol m s™) and
a 16-h photoperiod. To induce frequent drought stress con-
ditions, WT and transgenic plants were grown in 2 cm of
soil, with sufficient water supplied for one week followed by
only minimal irrigation when the soil was nearly dried and
the plants appeared to be severely stressed by dehydration.
Fresh and dry weights of the WT and transgenic plants were
measured at 4 weeks after germination.

RESULTS

RWC and Drought Index of Yield

Using the controlled environment of a greenhouse, we
investigated the relationship between relative water content
and the drought index of yield for six domestic barley culti-
vars (Fig. 1). Under frequent water deficit, RWC varied
among cultivars, ranging from 69% in drought-susceptible
‘Daebaekbori’ to 94% for the drought-tolerant ‘Chalbori’
and ‘Dongbori-1°. Drought indices of yield were higher
when RWC values also were elevated, demonstrating signifi-
cant correlation (?=0.84) between these two parameters,
as had been previously described with 36 barley varieties
(Fu et al., 2003b).

Identification of Candidate Genes by SSH and Differen-
tial Screening

The molecular technique of SSH has been used to isolate
differentially expressed genes from two independent RNA
populations (Diatchenko et al., 1996, 1999). Using seedlings
stressed by dehydration for 12 h, we subtracted the drought-
susceptible ‘Daebaekbori® cDNAs from the drought-tolerant
‘Chalbori’ cDNAs. After SSH and differential screening, we
initially isolated 3072 bacterial colonies, which were placed
on duplicated nylon membranes and then hybridized with a
forward-subtracted probe or an unsubtracted tester probe
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Figure 1. Correlation between RWC and drought index of yield
among six domestic barley cultivars. Drought index of vield (%) =
Drought yield x 100/Control vield: 1, *‘Daebaekbori’; 2, ‘Suwonmac-
360°; 3, ‘Wolsung87-31"; 4, ‘Samdobori’; 5, ‘Donghbori-1°; 6
“*Chalbori”.
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Figure 2. Differential screening to identify candidate genes highly
expressed in drought-tolerant barley. Left panel, hybridization with
forward-subtracted probe; right panel, with unsubtracted tester
probe. Arrows indicate genes differentially expressed between toler-
ant ‘Chalbori” and susceptible ‘Daebaekbori® after 12 h of drought
stress at early seedling stage.

(Fig. 2). Based on the presence or absence of a hybridiza-
tion signal on the duplicated blots, we finally selected 6
out of 32 candidate genes by DNA sequencing, and
repeated the RNA dot blot analyses (data not shown).
These included Dnaj, Rbcl, RbcS, Lipid transfer protein
(Ltp), Cab, and Dhn3, of which RbcL, RbcS, Dna/, and Cab
are not specifically drought-inducible genes. Instead, it is
more likely that, under severe drought stress at the seed-
ling stage, their expression was repressed in the drought-
susceptible ‘Daebaekbori’ rather than being highly
induced in the drought-tolerant ‘Chalbori’.

To verify their differential expression by drought stress, we
performed northern blot analyses with total RNA isolated
from the dehydrated seedlings (Fig. 3), and determined that
expression levels of RbcS, Ltp, and Dhn3 were significantly
higher in the drought-tolerant ‘Chalbori’ than in the
drought-susceptible ‘Daebaekbori’. Dhn3 expression in par-
ticular was highly induced by dehydration in the tolerant
cultivars, but not in the susceptible ones, indicating its asso-
ciation with drought tolerance (Fig. 4). However, Lip also
was rapidly induced in other drought-susceptible cultivars,
suggesting no correlation between its expression and toler-
ance at the seedling stage (data not shown).
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Figure 3. Northern blot analysis of three candidate genes identified by
differential screening. Ethiclium bromide staining of total RNA is shown
as loading control (lower panel). D, ‘Daebaekbori’; C, ‘Chalbori’.

Dhn3 and Dhn4 Gene Expression Is Related to Drought
Tolerance in Barley

The Dhn multigene family in barley is highly induced
under dehydration, high salt, low temperature, or the appli-
cation of ABA, but is not expressed under normal conditions
(Choi et al., 1999; Choi and Close, 2000). Here, we used
semi-quantitative RT-PCR to investigate transcript levels of
12 Dhn genes in the dehydrated seedlings of drought-toler-
ant and -susceptible cultivars. As reported previously, none
of those genes were expressed in our unstressed seedlings
(Choi et al., 1999; Choi and Close, 2000). Furthermore,
after 2 or 12 h of dehydration, expression of Dhn3 and
Dhn4 was very low or undetectable in the susceptible
‘Daebaekbori’, ‘Suwonmac-360°, and ‘Wolsung87-31" (Fig.
4, lanes A-C). In contrast, both genes were rapidly and
highly expressed in tolerant ‘Samdobori’, ‘Chalbori’,
‘Dongbori-17, and “Dicktoo’ (Fig. 4, lanes D-G). However,
the other Dhn genes (Dhn1, 2, and 5 through 72) were not
especially expressed in the tolerant cultivars, with some
being highly induced in all seven cultivars within 2 and/or
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Figure 5. Expression levels of Dhn3 and Dhn4 under water deficit
conditions, determined by semi-quantitative RT-PCR. One-month-
old plants grown at 25°C were subjected to frequent drought stress in
greenhouse. A, ‘Daebaekbori’; B, ‘Suwonmac-360’; C, ‘Wolsung87-
31’; D, “Samdobori’; E, ‘Dongbori-1°; F, “‘Chalbori’; G, ‘Dicktoo’.

12 h of drought treatment while others were highly
expressed in both the susceptible ‘Daebaekbori’ and the
tolerant ‘Dicktoo’ (data not shown). This indicated that their
expressions were not entirely relevant in drought-tolerant
barley genotypes.

In mature plants that were frequently drought-stressed in
the greenhouse, expression of Dhn3 was very low or unde-
tectable in the susceptible ‘Daebaekbori’, ‘Suwonmac-360”,
and ‘Wolsung87-31” (Fig. 5, lanes A-C), while both DAn3 and
Dhn4 were highly expressed in the tolerant ‘Samdobori’,
‘Dongbori-1°, “Chalbori’, and ‘Dickioo’ (Fig. 5, lanes D-Q).
These results demonstrated that the expression patterns for
Dhn3 and Dhn4 at the mature leaf stage, as induced by this
frequent stress, were similar to those detected at the early
seedling stage, when plants were undergoing dehydrative
stress in the growth chamber. Therefore, we might conclude
that both these induced expressions are closely associated
with drought tolerance in barley genotypes.

Barley Dhn3 and Dhn 4 Overexpression Confers Drought
Tolerance in Transgenic Arabidopsis

To confirm the role of DHN3 and DHN4 proteins in vivo
under drought conditions, and to evaluate possible applica-
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Figure 4. Expression levels of Dhn3 and Dhn4 under drought stress, determined by semi-quantitative RT-PCR. Five-day-old barley seedlings
were dehydrated for indicated hours. A, ‘Daebaekbori’; B, ‘Suwonmac-360°; C, ‘Wolsung87-317; D, ‘Samdobori’; E, ‘Dongbori-17; F
‘Chalbori’; G, ‘Dicktoo’.
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Figure 6. Overexpression effect of Dhn3 and Dhn4 genes on drought tolerance in transgenic Arabidopsis, as confirmed by one-step semi-quan-
titative RT-PCR. Two transgenic lines, DHN3-6 and DHN4-13, showing the highest expression of Dhn3 and Dhn4, respectively, were chosen
for analysis (A). Wild-type and transgenic plants were grown in same soil, and subjected to frequent drought stress in growth chamber for 4
weeks before fresh (black bars) and dry (grey bars) weights were measured (B, ). Four-day-old wild-type and transgenic DHN4-13 plants were
transferred to GM medium containing 500 mM mannitol, and grown for 3 weeks (D).

tions for them in other higher plants, we generated trans-
genic Arabidopsis plants that over-expressed them under the
control of CaMV 35S promoter, and then selected 6 and 16
transgenic plants that stably expressed Dhn3 and Dhn4,
respectively (data not shown). To test their drought toler-
ance, we used semi-quantitative RT-PCR to select transgenic
DHN3-6 and DHN4-13 plants with relatively higher expres-
sions of Dhn3 and Dhn4 among their respective transfor-
mants (Fig. 6A).

In one experiment, plants were grown in soil, under fre-
quent drought stress, while in the other, the plants were
held on GM media containing 500 mM mannitol. In the first
test, with soil and pots, increases in fresh and dry weights
were much greater for both transgenic lines than for the
wild-type plants (Fig. 6B, C). In the second trial, using GM
media and mannitol, all the WT plants turned yellow and
died at approximately four weeks after germination,
whereas the transgenic DHN3-6 plants remained pale green
and alive despite their growth apparently being arrested by
severe osmotic stress (data not shown). Similarly, the trans-
genic DHN4-13 plants maintained their green leaves (Fig.
6D) in the GM media, with some recovering their normal
development when transferred to new, standard {mannitol-
less) GM media. All of these results imply that the accumula-

tion of barley DHN3 and DHN4 transcripts contributes to
increased drought tolerance in transgenic Arabidopsis.

DISCUSSION

Improving the status of drought tolerance is the first-prior-
ity in barley breeding strategies because the major portion
of reduced grain yields results from frequent water deficit in
the field. Barley breeders have tried to develop drought-tol-
erant varieties that display improved field performance on
semidry lands. However, efficient marker systems for screen-
ing and tracing these tolerant genotypes in segregating pop-
ulations and variable germplasms have not yet been
established because drought tolerance is mainly regulated
by several quantitative trait loci. Thus, researchers must
develop reliable molecular markers in order to compare tol-
erant genotypes with those that are susceptible.

Relative water content, considered a reliable measure of
water status in plant tissues, is used to estimate physiological
drought folerance. Here, the tolerant ‘Samdobori’, “‘Chalbori’,
and ‘Dongbori-1° maintained higher RWC values com-
pared with susceptible ‘Daebaekbori’, ‘Suwonmac-360°,
and ‘Wolsung87-31°, which had the lowest RWC (Fig. 1), as
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previously reported (Fu et al., 2003b). Furthermore, we re-
confirmed that RWC was highly correlated (#=0.84) with
the drought index of yield in barley (Fig. 1). However, mea-
surements of RWC are not practical for identifying drought-
tolerant genotypes in the field, so its usage is not an impor-
tant component of breeding strategies for barley or other
crop plants.

Most drought-inducible genes are thought to be identifi-
able by contrasting the levels of gene expression between
dehydration-treated and -untreated plants. However, no
specific correlation is generally found when studies are
based on field performance under drought. Therefore, our
preliminary data demonstrating a correlation between RWC
and drought index of yield (Fig. 1) (Fu et al., 2003a), led us
to apply the SSH protocol in order to find highly reliable
gene-specific markers whose expression, under dehydra-
tion stress, would be upregulated specifically in tolerant cul-
tivars but not in susceptible ones (Fig. 2). Our differential
screening produced six candidate genes that were identified
by DNA sequencing: Dnaj, Rbcl, RbcS, Lip, Cab, and Dhn3.
Northern blot analysis indicated that Dhn3 expression typi-
cally was much more highly induced in the tolerant
‘Chalbori’ than in the susceptible ‘Daebaekbori’ (Fig. 3).
Although Dhn genes (DhnT through Dhn12) in barley are
upregulated by low temperature, ABA, high salt, or dehydra-
tion (Close et al., 1989; Choi et al., 1999; Choi and Close,
2000), little is known about any correlation between the
degree of drought tolerance and the expression level of
each Dhn gene. Moreover, although both the upregulation
of Dhn orthologs and the high accumulation of DHN pro-
teins have been observed in many other species when those
plants are exposed to low temperature, high salt, or drought,
the relationship between each Dhn expression and drought
tolerance has not been carefully examined, and no correla-
tion has yet been reported between expression and toler-
ance (lturriaga et al., 1992; Lang et al., 1993; Kaye et al.,
1998; Ha et al., 2006). The only exception has been regard-
ing tolerance to freezing stress in transgenic Arabidopsis
over-expressing multiple Dhn genes (Puhakainen et al.,
2004).

Among the 12 Dhn genes studied via semi-quantitative
RT-PCR, transcripts of Dhn3 were weak or absent in
‘Daebaekbori’, ‘Suwonmac-360°, and ‘Wolsung87-317,
whereas, in ‘Samdobori’, ‘Chalbor’, ‘Dongbori-1°, and
‘Dicktoo’, expression levels during induced drought stress
were strong or present not only at the early seedling stage in
our growth chamber tests but also at the mature stage in the
greenhouse trials (Fig. 4, 5). This suggests a significant corre-
lation between rapid Dhn3 expression and drought-toler-
ance in barley. Furthermore, although Dhn4 expression was
very similar to that of Dhn3, no exact match was seen
between the former and RWC in any cultivar at the mature
leaf stage (Fig. 5). Moreover, Dhn3 and Dhn4 were induced
rapidly and highly in several drought-tolerant lines in
ICARDA when they were exposed to water deficit at the
early seedling stage. This may have been because those lines
are bred for cultivation in semidry regions (data not shown).
With regard to the expression of other dehydrin genes,
rapid upregulation of Dhn1, 2, 6, 7, and 9 through 17
occurred randomly in both tolerant and susceptible culti-
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vars within 2 and/or 12 h of drought stress (data not shown),
indicating their irrelevance to the properties of drought-tol-
erant genotypes. Dhn5 was highly expressed in both the sus-
ceptible ‘Wolsung87-31" and the tolerant ‘Dongbori-1° and
‘Dicktoo’, while Dhn8 was upregulated specifically in the
susceptible ‘Daebaekbori’ and the tolerant ‘Dicktoo’. Inter-
estingly, two domestic cultivars that show stress-induced
expression of Dhn5 and other Dhn genes are used as freez-
ing-tolerant winter varieties in Korea. However, Dhn12
expression in those two cultivars is weak, whether they are
reared in the growth chamber or greenhouse, presumably
because their expressions are embryo-specific (Choi and
Close, 2000). Nevertheless, based on their expression pat-
terns under drought stress, we can conclude that the two
dehydrin genes examined here, i.e., Dhn3 and Dhn4, are
closely correlated with genotypic properties of drought tol-
erance in barley.

A strong correlation has been reported between chloro-
phyll degradation and drought stress (Schurr et al., 2000;
Yan et al., 2004). In the current study, whereas our wild-type
Arabidopsis plants turned yellow and died on the mannitol-
containing GM media, the transgenic plants over-expressing
Dhn3 (DHN3-6) and Dhn4 (DHN4-13) maintained their
green leaf color, and were viable when again transferred to
a GM medium (Fig. 6). This indicates that the overexpres-
sion of barley Dhn3 or Dhn4 contributes to increase drought
tolerance in Arabidopsis.

In barley, a cluster of Dhn loci (Dhn, Dhn2, and Dhn4a)
overlaps the major QTL on Chromosome 7(5H) for winter
hardiness in a winter (‘Dicktoo’) by spring (‘Morex’) dihap-
loid mapping population (Pan et al., 1994). Therefore, we
speculated that, among our 12 Dhn genes, rapid and high
expression of Dhn3 and Dhn4 might be specifically related
to drought tolerance because those other Dhn genes were
either highly expressed in all genotypes or less expressed in
the tolerant genotypes under stress conditions (data not
shown). This suggested that expression of the other Dhn
genes might not be related to tolerance, as had been
implied with the susceptible genotypes. Because of their
physical properties, DHNs may function in stabilizing mem-
branes and macromolecules in the cytoplasm (Campbell
and Close, 1997). An interaction between dehydrin proteins
and cell membranes also has been suggested by in vitro
studies of freezing tolerance in Arabidopsis (Houde et al.,
1995; Thomashow et al., 1996). In addition, Danyluk et al.
(1998) have provided direct evidence for the accumulation
of the WCOR410 dehydrin protein near the plasma mem-
brane during cold acclimation in wheat, and have suggested
a protective role by the plasma membrane in plants sub-
jected to low-temperature stress. Thus, we might also use
our current transgenics results to hypothesize about a possi-
ble contribution by the barley dehydrin proteins, DHN3 and
DHN4, in protecting cells against dehydration, possibly by
binding to cell membranes.

In conclusion, we have found strong positive correlations
among the expressions of Dhn3 and Dhn4, RWC values,
and drought indices of yield. Therefore, we propose that
rapid upregulation of two dehydrin genes, Dhn3 and Dhn4,
in response to dehydration can serve as reliable molecular
markers for screening and tracing drought-tolerant barley
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genotypes at the early seedling stage. However, we must still
determine the biochemical roles of DHN3 and DHN4 in
that germplasm.
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