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The dehydrins (DHN) are a family of late embryo abundant (LEA D-11) proteins, which accumulate during the late stage of
seed development or under low temperature or water deficient conditions. They are believed to play a protective role in
freezing and drought tolerance. The dehydrin genes exist as multi-gene families. Here, we have identified 9 unique dehy-
drin genes from Korean ginseng (Panax ginseng C.A. Meyer), a typical medicinal plant. Among these, PgDhn1 and PgDhn2
encode for YSK3- and KS-type dehydrins, respectively, and are very abundant. Gene expression analyses revealed that the
majority of the PgDhn gene transcripts are detected under cold, as well as dehydration conditions. The exceptions are
PgDhn5 and PgDhn9 - the former being unresponsive to cold treatment, and the latter exhibiting only seed-specific
expression. We also identified an alternative transcript of the PgDhn2 gene that harbors an intron in its 3’-untranslated
region. Our results may prove useful in further studies of Dhn genes, including investigations into the mechanisms under-
lying gene expression, the nature of their variations, and their physiological functions.
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Plants have defensive strategies against the many classified into five sub-classes or types: Y, SK,, SK, K,
stresses that arise from frequent environmental fluctua- YKy, and K.S (Campbell and Close, 1997). DNA
tions to which they are exposed. Among the most sequence and immunological data have revealed that
severe factors limiting growth and yield are drought and dehydrins are distributed throughout a wide range of
low temperatures. More than 100 genes have been photosynthetic organisms, including both higher and
shown to be responsive under such conditions (Seki et lower plants (Close, 1997).
al., 2001; Bray, 2002). The proteins induced by stress A correlation is well established between dehydrins
include several believed to function either in the physi- and cell dehydration, but their specific molecular func-
cal protection of cells from water deficiencies or tem- tions remain somewhat unclear. On the basis of sequence
perature changes, or in the regulation of gene expression features, the dehydrins are believed to function as
(Bray, 1993, 2002; Ingram and Bartels, 1996; Shinozaki stabilizers of membrane structures and proteins by
and Yamaguchi-Shinozaki, 2000; Kim et al., 2005). exerting detergent and chaperone-like effects (Close,

The dehydrins are the proteins most prominent in this 1996). Protective interactions with membranes can
adaptive process (Close, 1996, 1997). During the late occur via the K-segment, which, although intrinsically
stages of embryogenesis, they typically accumulate in unstructured, assumes an amphipathic helical structure
various tissues in response to low temperature, drought, when bound to membranes (Koag et al., 2003).
salinity, or ABA application (Close, 1996; Campbell and The dehydrins may also act as water attractants in
Close, 1997). The dehydrins belong to Group Il of a cells with low water potential, and may also play a role
larger family of proteins that are referred to as the late in regulating osmotic potential (Nylander et al., 2001).
embryogenesis abundant or LEA D-11 proteins (Garay- In addition, a phloem iron-transport protein (ITP) from
Arroyo et al., 2000). The most distinctive feature of the the castor bean (Ricinus communis) has recently been
dehydrins is their conserved lysine-rich 15-amino acids identified as a KS-type dehydrin (Kruger et al., 2002).
domain, which harbors a consensus EKKGIMDKIKEK- Arabidopsis ERD14, a SK, dehydrin, and celery VCaB45,
LPG known as the K-segment. This segment is able to a dehydrin-like vacuolar protein, bind calcium in a
assume an amphipathic a-helix structure (Close, 1997). phosphorylation-dependent manner (Heyen et al.,
Other dehydrin domains include the S- and Y-segments 2002; Alsheikh et al., 2003). These findings indicate
— the former being a tract composed of serine residues that the dehydrin structural type may produce a specific
while the latter, when present, being located proxi- effect, and that some of the dehydrins may function as
mally to the N-terminus. Based on the number and ion-sequesters.
order of these conserved domains, dehydrins can be Ginseng root has traditionally been used as an herbal

medicine that confers resistance to stress, disease, and
*Corresponding author; fax +82-62-530-2509 exhaustion. Panax ginseng C.A. Meyer (Korean Gin-
e-mail dwchoi63@chonnam.ac.kr seng) is a perennial herb that grows in northeastern
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China, Korea, and far-eastern Siberia. As such, plants
must endure arid conditions and freezing temperatures
in the winter, and must have adaptive mechanisms for
surviving in such a stressful environment. In this study,
we identified dehydrin genes from the ginseng genome,
and compared among their sequence variations and
expression patterns.

MATERIALS AND METHODS

Plant Material

Korean ginseng (P ginseng, C. A. Meyer) was used.
For dehydration treatment experiments, whole seed-
lings were transferred to filter paper in 120-mm Petri
dishes. When their fresh weights were reduced to 70%,
the tissues were snap-frozen in liquid nitrogen. To
determine the effects of cold stress, the plants were
maintained in soil at 5°C in a growth chamber, and
samples were obtained at various intervals. For the
abscisic acid (ABA) treatments, seedlings were posi-
tioned for 1, 3, 6, or 10 h in Falcon tubes containing
100 mM ABA solution. Seedlings from these experi-
ments were then harvested at the indicated time
points, quickly frozen with liquid nitrogen, and
stored at —80°C. Seeds are harvested from filed-
grown plants.

Isolation of Dhn cDNA and Sequence Analysis

Previously, we generated nearly 20,000 ginseng ESTs
from 7 ginseng cDNA libraries (Jung et al., 2003; Choi
et al., 2005). These ESTs were then combined and ana-
lyzed for ginseng dehydrin gene resources. Clustering of
individual ESTs for unique transcripts, as well as the
homology searches, were conducted as described pre-
viously (Jung et al., 2003; Chung et al., 2004; Choi et
al., 2005). The individual ginseng ESTs were searched
against the GenBank nr database, using a BLASTX algo-
rithm. Dehydrin cDNAs were identified via keyword
searches with BLASTX results, and through domain
searches of our ginseng EST database. A 15-amino acid
sequence of the K-segment, EKKGIMDKIKEKLPG, was
employed to identify the ginseng dehydrin cDNAs (Close,
1997). For multiple sequence alignment, sequence-edit-
ing and amino acid sequence predictions from the
selected ESTs were conducted using the Sequencher pro-
gram (Gene Code, USA). The putative molecular weights
and P! values of the deduced polypeptides were pre-
dicted with the DNASIS Max program (MiraiBio, USA),
while the deduced amino acid sequences were aligned
through the CLUSTAL V program.

Gene-Specific RT-PCR

Total RNAs were prepared from plant tissues accord-
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ing to the hot-phenol procedure established by Ver-
woerd et al. (1989). First-strand cDNAs were constructed
from 2 pg of total RNA via reverse-transcription in 20
ul reaction volumes, using the oligo(dT); primer and
Superscript Il (Invitrogen, USA) reverse transcriptase,
based on the manufacturer’s instructions (BRL Life
Technologies, USA). Reactions were conducted at 42°C
for 60 min, followed by 5 min of heating at 70°C. The
first-strand cDNA reaction was diluted by a factor of 5,
after which 2 L of diluted cDNA was applied to a 50
pL PCR-amplification reaction that contained 5 pl of
10x PCR buffer [200 mM Tris-HCl (pH 8.4) and 500
mM KCI], T pL of 10 mM dNTPs, 1 pL of each gene-
specific primer (10 pmol pL™), and 2.5 units of ExTaq
DNA polymerase (Takara, Japan). PCR reactions were
conducted for 28 cycles, each consisting of 30 s at
95°C, 30 s at 58 to 64°C, and 90 s at 72°C; then 5 min
of termination at 72°C. The ginseng Dhn gene-specific
primers were as follows: 5-CAAGATCATATATACCTC-
CACCGG-3" and  5-'CATCGGGGCTCTTATTTGAAG-
GAA-3" for PgDhnt; 5-GGCAAAGTCAAGGATCAGA-
TCCAA-3" and 5'-GCAACAATCAGCATCCTAAATCCT-3’
for PgDhn2; 5'-AGAAGAAGGACAACAAGAAGCACG-3’
and 5'-CACAACTGATTCCAGCAGGGTGT-3' for PgDhn3;
5-GAAAGTTCATGATTCGGAGACCCA-3" and 5'-CAT-
CATTAGTCTTGGAGTGGTACC-3' for PgDhn4; 5'-GCA-
CTCACGAACAATTCCATCTTC-3" and 5'-CACATAAG-
TAGAGTAGGGTACGTA-3for  PgDhn5; 5'-GAGGAG-
GAGGAGGATATGCTGCTG-3" and  5’-CTCCACAGG-
TGGTACTACTACATA-3" for PgDhn6; 5’-CACCACG-
CATGCAGTATGTAGTAC-3" and 5’-CTTCTGACGTAC-
CCGTACAGCGAT-3’ for PgDhn7; 5'-CATTCCTGGGTA-
CCACTCCAACAC-3" and 5'-CATATCACATCGAATGT-
GCAAGGG-3" for PgDhn8; and 5'-GATGGAGAAG-
GTGGGACAAGAAA-3" and 5’-CCAATACCACCACAG-
ATTTATTTA-3' for PgDhn9. The annealing temperature
for each Dhn gene-specific primer was adjusted for the
optimal PCR reaction. Products were separated on 1%
agarose gels, and stained with ethidium bromide for
photography. Ginseng genomic DNA was isolated from
green ginseng leaves, via the cetyltrimethyl-ammonium
bromide (CTAB) method (Murray and Thompson,
1980) with slight modifications, and was then utilized as
template for intron analysis. The 3’-UTR region of the
PgDhn2 gene was PCR-amplified using a primer set that
flanked the putative intron region: 5'-CCACGGCGA-
CAAGAACGAGCCA-3" and 5-TGCAACAATCAGCATC-
CTAAATGGAA-3.

RESULTS AND DISCUSSION

Isolation of Dehydrin cDNA

We previously generated 17,605 ESTs from 7 ginseng
cDNA libraries (Jung et al., 2003; Choi et al., 2005).
EST analysis via keyword and domain searches allowed
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Table 1. Dhns identified from ginseng ESTs. Ginseng Dhn cDNAs were identified by keyword searching and domain searching
against the ginseng EST database. A 15-amino acid sequence of the K-segment, EKKGIMDKIKEKLPG, was searched to find

ginseng dehydrin.
Cluster No. sister  Representative Organism Description Score  E-value
ESTs EST
PgDhn1  cluster 1222 91 PC03013C02  Pisum sativum dehydrin2 41.2 0.029
PgDhn2  cluster 401 80 PGO3009E04  Hordeum vulgare dehydrin 13 454 0.002
PgDhn3  cluster 875 34 PG0O3009H12  Hordeum vulgare dehydrin 13 41.2 0.027
PgDhn4  cluster 1062 17 PC03022H02  Phaseolus vulgaris dehydrin 732 2e-11
PgDhn5  cluster 1327 11 PGO6015H12  Helianthus annuus  putative dehydrin 63.9 2e-09
PgDhn6  cluster 1195 4 PGO3014F06  Arabidopsis thaliana  dehydrin RAB18-like protein ~ 41.6  0.013
PgDhn7 - 1 PG03014F11  Helianthus annuus ~ putative dehydrin 474 0.001
PgDhn8 - 1 PGO5012E04  Solanum tuberosum  dehydrin homolog CI7 70.1 2e-11
PgDhn9 - 1 PG06012G12  Arabidopsis thaliana  putative dehydrin 84.7  2e-16
Table 2. Ginseng dehydrin proteins deduced from cDNA.
No. amino acid MObC&B;;Ne'ght Isoelectric point DHN type comment

PgDHN1 197 20.578 8.46 YSK3

PgDHN2 101 10.774 712 KS

PgDHN3 96 10.164 6.75 KS

PeDHN4 218 24.505 4.80 SK3

PgDHND5 174 18.151 9.58 YSK2

PgDHNG6 Na Na na ?SK3 5’-truncated

PgDHN7 196 20.385 6.67 YSK3

PgDHNGS 229 25.928 6.07 SK3

PgDHN9 Na Na na SK2 5’-truncated

na, not available.

us to identify nine dehydrin (DHN) gene candidates.
Results of the Blast X and redundancy analyses for each
Dhn gene candidate are shown in Table 1. These can-
didates were named PgDhn, and each distinct gene
was uniquely numbered, from 1 to 9. EST analysis
data showed that PgDhn7 and PgDhn2 were highly
redundant, harboring 70% of the total PgDhn gene
transcripts. Candidates PgDhn3 through PgDhn6 were
also identified as cluster range 34 to 4 sister ESTs, but
the other three -- PgDhn7, PgDhn8, and PgDhn9 --
were isolated as single ESTs. Our cluster analyses
indicated that the majority of the sister ESTs of the
PgDhn1 and PgDhn2 cluster originated from two
cDNA libraries constructed from the roots and rhi-
zomes of a four-year-old ginseng sample that had
been harvested in November 2001 (ung et al.,
2003). These results revealed that PgDHN1 and
PgDHN2 are major DHNs functioning in the roots
under cold- and dehydration-stress conditions. Fur-
thermore, PgDHN5 may be abundant in ginseng
seeds because the majority of the sister ESTs origi-
nated from the seed cDNA library. The longest sister
cDNA clone in a PgDhn cluster was selected as the
representative EST for each cluster, and was used to
determine the full sequences.

Sequence Analysis of Ginseng Dehydrins

The deduced polypeptides were characterized from
our nine PgDhn cDNAs (Table 2).

Typical features of the dehydrins were consistent with
the “YSK” shorthand described above. PgDHN1 encodes
a 197-amino acid YSK3 polypeptide (20.6 kDa, pl 8.46)
that is quite similar to PgDHN?7, sharing 97% amino
acid sequence identity (Fig. 7). The amino acid sequence
analysis revealed that PgDHNG6 also exhibits a signifi-
cant degree of sequence homology with PgDHNT and
PgDHN?7, although its 5'-terminal regjon is truncated.
PgDHN2 encodes for a KS-type polypeptide of 101
amino acids (10.8 kDa, pl 7.12). Another KS-type
DHN, PgDHN3, shows a high degree of sequence
homology with PgDHN2. A 5-amino acid sequence
(DKKSH), which is not present in PgDHN3, as well as
two amino acid substitutions, account for the entirety of
these differences. A consensus K-segment sequence
detected in the angiosperm was not detected in these
KS-type dehydrins, but it did harbor a Lys-rich sequence,
DKKKKKDKKKHGEHG. The amino acid sequences
deduced from PgDhn4 and PgDhn8 were extremely
similar to one another, except for their C-terminal
regions. PgDHN4 encodes for a 218-amino acid SK3
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PQOHN 1 MANHGERYGOEQGQG0QQRGTOAYGNPVGATEQFGN~ | |HOTGGGTMDGCGTGGAAGTEAYGSAGTGNHGTGAHDQSOLRRSGNSSSSEDDGMAGRKKKG
PQDHN7 MANHGERYGOEQGQGOQORGTDAYGNPVGATEQF GNP | HATGGGTLDGCGTGGAAGTEAYGSAGTGNHGTGAHDASOL RRSGSSSSSEDDGHAGRKKKG
PgOHNG QTEQLGNOP | YTGGGTTGACGSGGADGTEAYGSAGS——GAHDQSAL SRSGSSSSSEDDGYAGAKKKS
dekdk g K lhkkkdKk Gk lkkh dkkdkkkkk! FekkddRxd Kk deddkdedsdk ] fddd Kk
PQOHN 1 KGK | KEKLPGYGGHKKEGEQA | YSPVGGGYAAGEEQHHGHEKKGMMEK | KRHNKEGEQATYSPAGGG-Y~AAGDEGHHVQEKK GMMEK— | KEKLPGGGRD
PQOHNT KEK I KEKLPGVGGHK-EGEQA | YSPVGGGYAAGEEHHGHEKKGMMEK | KGHNKEGEQ-ATYSPAGGG-Y-VAGDEQHHVOEKKGMMEK~ 1 KEKLPGGGRD
PQOHNG KGK IKEKLPGVGGHKOEGECATYSPYGGGYAAGEECHHGHEKKGMMEK | KGNNKEGEQAATYSPGGGGGYAAAGDECHNVQEK | GMMEK | KEKLPGGGRD
% kkkdkdkkhkkhkhkdkk hkkhkk hkkhkhkkhhkhdhkhkhkhhhhhdkhkhhhhkdk rkkkhksk hkkkk skk K A******:**** Kkdkkk kkhkhkhkhkhkik
PgOHN2 MAN I | HK| EE TLGMGGOKHKE GEQHKKPEGOHAGDHKEGGHGGAG 1 VGKYKDQ | QGGHGESSOOHHDGOKKSHOKKKKKOKKKHGEHGHDKHGDSSSSDSD
PQOHNG MAN [ 1HK | EE TLGMGGOKHKEGDQHKKPEGCHGGDHKEGGHGGGE | VGKVKDO | QGGHGGSSEDHHDG——~~DKKKKKDKKKHGEHGHDKHGDSSSSDSD
*****************k****:*********A*******k*********************:***** kkhkhkkhhkkhhhhkhhhhhkhhdhkhhdhk
PgOHN4 MADEVVHHPLDKSSEVETTORGLFDFLGAKKDEGKSAPADYQQQEE | ATEFEOKVHVSE TEPKFEESKVEEEEEEKKPSLLOKLHRSGSSSSSSSSOEEEV
PQOHNG MADEVVHHPLOKSSEVE T TORGLFOFLGAKKDEGKSAPADYOQQEE | ATEFEQKVHVSE TEPKFEESKVEEEEEEKKPSLLDKLHRSGSSSSSSSSDEEEV
AR AR A A A AR A A A AR AR A A A A A AR AR A A A AR AA AR A AR AR AR IR A AT IR A A A XAk kkderdrrdrh ko xdhrdrkrdotd
PQDHN4 EEGGEKKKKKKKSLKEK | HKEEDTSVPVEK | EEHVVEP-EEKKGFVOK | KEKLPGGGHKKAEDQEFPSPTPPPAPPAAVES YATVEGEPAKEEKG | LGKOR
PQOHNG EEGGEKKKKKKKSLKEK | HKEEDTSVPVEK | EE TVVVEGEEKKGFLOK | KEKLPGGGHKKAEDQEFPS-———PAPPAAVESYATVEGEPAKEKKG LEK K
KAAXAXIX XXX AR TF ARk rdrdodhaddd &k ARAKAHK I ARKAKARARK A A AR AR R AT X AKX FRKAXRXARKAKARKKARAR hA*& X 0
PgDHN4 REOSHVPLQD:
PQDHNG EK 1 PGYHSKTSDEKKKRKKRKKKKKKTRGHS
PQOHNS MADNYGYGYGQGHHGGRATOAYGNP | POTNAYGNPVROTODYGNPVHHT TTGAATNGD Y STAGTVGAYGTGTPTGGF GAPNVTGTGTHEQFHLRRSGSSSS
PQDHNO HRSTSSSS
TRk kAR
PQDHNS SSSEDDGMGARRKKKG KK |KEKLPGGTGHKOTSTTTPGGYGYGSAAGGBEAHGHEKKGHMEK | KEKLPGHH-———-
PQOHNO SSSEDDGEGGRRAKK~GLRAK | KEKLGGGK-HKNKDDQTHT-——TGSGAPAGAYHEHEKKSMVEK | KOKLPGHHTTTTPP
dkkdhkdk ok Fkkdk kDD dkhkwk Yk dk ] .. * *k Kk % * Kkkk FhRKIK [ hfFhkd

Figure 1. Comparison of amino acid sequences for ginseng dehydrins. Amino acid residues are designated via single-letter codes.
Asterisk (*) and period ( . ) indicate identical and homologous amino acids, respectively. Dashes indicate places in which a sequence
has been expanded to allow for optimal sequence alignment. Deduced amino acid sequences were aligned by CLUSTAL V program.

A Cluster1225 CAAGGOGGCCATGGOGGTAGCAGCGACGATCACCACGACGGOGACA AGAAGAGOCACGAC
PrORn2 CAAGGOGGCCATGROGGT AGCAGOBACAT CACCAQGACG GOGACA AGAAGA GOCACGAC
Cluster1225 AAGAAGAAGAAGAAGGACAAGAAGAAGCACGGCGAGCATGGOCATGACAAACACGGOGAC
PrDhn2 AAGAAGAAGAAGAAGGACAAGA AGAAGCACGGCGAGCATGGOCATGACAAACACGGOGAC
Cluster1225 AGCAGCAGCAGCGATAGCGACTAMT CCATCTTTATTAATTTCCTCTCTCCTATCTTACT
PhDhn2 AGCAGCAGCAGOGATAGCGACTAMTCCATCTTTATTAATTTCCTCTCTCCTATCTTACT
Clusteri1225 AGTACTTIGEAC: scccccosstosasstossassonnssasssasssnossnnssnss:
PrDhn2 AGTACTTTGTACGTACGTATTTAAGAAAATGATTTTGTTTCAAAACAAACGAAAAAAAAA
Cluster122% THHB I HHHHH I HEH
PrDhn2 TGATTATGATTTTTTAAGT TTGTGAAATGAGATCTGATCTGATATATGTATGGCATTTGT
Cluster1225 siiiiiriirionini i G TGGGGGAGAGGGAGACOGGAGCAT TATTATTAT TATTAAGA
PhOhn2 TCCTCTATGGTTTGCAGGT TGGGGGAGA GGGAGACOGGAGCAT TATTATTATTAT TAAGA

Cluster1225 CTTACTTTTTCCATTTAGGATGCTGATTGTTGCAAAT CAAATAAAGGAGATAGTAGAT GT
PHOhN2 CTTACTT TIICCATTTAGGATGCTGATTGITGCAAAT CAAATAAAGGAGATAGTAGAT GT

RNA

T
>

Figure 2. A, Comparison of 3'-UTR sequences of PgDhn2 and contig_1225. Colon ( : ) indicates where DNA sequence has been
deleted within cDNA, contig_1225. Stop codon is in boldface. cDNA sequences were aligned by CLUSTAL V program. Gene-spe-
cific primer sites are underlined. B, PCR analysis of 3'-UTR region of PgDhn2 and contig_1225 from transcript and genomic DNA.
PCR amplifications were conducted with PgDhn2-specific primer set flanking deletion region (Fig. 2A).
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polypeptide (24.5 kDa, pl 4.8), while PgDHNS, which
encodes for 229 amino acids (25.9 kDA, pl 6.07),
exhibits three amino acid substitutions and an addi-
tional 11 amino acids (KKKKKKTRGWS) at its C-termi-
nal region. These dehydrins have the most acidic pl
values of all our PgDHNs. PgDHN5 encodes for an
Y3SK2 polypeptide consisting of 174 amino acids (18.2
kDa, pl 9.58). Our amino acid sequence analyses indi-
cated that PgDhn9 is truncated at the 5’-terminal
region, and that the deduced PgDHNG9 is highly similar
to PgDHNS.

Alignment of the amino acid sequences indicated that
an EST cluster, contig_1225, encodes for a polypeptide
identical to PgDHN2, but does not form the same clus-
ter with the PgDhn2 cDNA sequence. DNA sequence
analyses demonstrated that the sequence of contig 1225
is identical to that of PgDhn2, except for the deletion of
127 bp in the 3’-untranslated region of contig 1225
(Fig. 2A). Therefore, to determine whether contig_1225
originated from the alternative splicing of the PgDhn2
transcript or from a different dehydrin gene, we
designed a primer set flanking the deletion region, and
attempted PCR amplification from RNA-free genomic
DNA and genomic DNA-free RNA templates. Our PCR
results revealed that, although only a single gene exists
within the genomic DNA, its two transcripts are of dif-
ferent lengths (Fig. 2B). Thus, we suggest that PgDhn2
harbors an intron in its 3’-untranslated region (UTR) and
that contig_1225 is an alternative splicing product from
the PgDhn2 transcript. Results of the genome analyses
indicated that introns exist within the UTR region, as
well as the coding sequence (CDS). The 3-UTR evi-

ABA 100 uM

Control

Cold 5°C

dences a much lower intron frequency than does the
5’-UTR, in the range of 1 to 11%, depending on the
taxon (Mignone et al., 2002). Alternative 3’-UTRs can
be formed by using different polyadenylation sites or
splice acceptor sites. UTRs perform crucial functions in
the post-transcriptional regulation of gene expression,
including the modulation of mRNA transport out of the
nucleus, subcellular localization, and stability (Mignone
et al., 2002).

Expression of PgDhn Genes

To determine the expression pattemn for each PgDhn
gene, we amplified their transcripts using dehydrin
gene-specific primers and RT-PCR. Total RNA was iso-
lated from the shoots of control and treated ginseng
seedlings. We selected RT-PCR because northern blot
hybridization is fraught with ambiguities associated with
the hybridization of various Dhn genes to each other, as
has been observed with barley Dhn alleles (Lang et al.
1998; Choi et al., 1999).

Under our various treatment conditions (dehydra-
tion, cold temperature, exogenous ABA), expression of
the PgDhn genes was regulated differentially (Fig. 3A).
Except for the SK3-type dehydrin genes -- PgDhn4 and
PgDhn8 -- expression for the majority of the PgDhn
genes was not detected under normal (control) growth.
However, most of these genes were up-regulated by
dehydration, ABA treatment, and low temperature,
although their individual expression patterns differed,
especially under chilling. Transcripts of the PgDhn genes
that encoded for the YSK3 type -- PgDhn1, PgDhné,

Q

1h 3h 6h 10h

I
1h 3h 6h 10h '

RN — =W S 5
g ®

RN - —~ < - o §:53
R e

PgDhn4
R — - — — e e

PgDhn9

Actin

Figure 3. Expression of each PgDhn gene under various stress conditions. Soil-grown seedlings (control) were either dehydrated (-
H,0), cold-acclimated at 5°C for 10 h (Cold), or treated with 100 mM ABA for 10 h (ABA). Total RNA was isolated and reverse-tran-

scribed using 3'-primer, then amplified with gene-specific primer sets. Annealing temperatures were adjusted for some primer sets to
optimize PCR reactions. RT-PCR products were electrophoresed on 1.0% agarose gel.
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and PgDhn7 -- were detected 10 h after the administra-
tion of cold treatment, compared with just 3 h for tran-
scripts of the KS-type genes. PgDhn5, specifically, was
generally unresponsive to cold, suggesting that its
expression is regulated via a pathway different from that
of the other PgDhns.

In contrast, transcript for PgDhn9 was not detected
under any of the treatment conditions, implying that its
expression may be organ-specific. To determine whether
this was true, total RNA samples were prepared from
the roots, stems, and leaves of soil-grown seedlings, as
well as from seeds produced by field-grown plants. RT-
PCR trials revealed detection only in the seeds (Fig. 3B),
thereby confirming that expression of PgDhn9 is seed-
specific, such that it cannot be induced in seedlings
through the administration of dehydration, chilling, or
ABA.

Dhn genes exist as multi-gene families in plants, and
have been fairly well-characterized, particularly in bar-
ley. Thirteen Dhn genes have thus far been identified in
that species, with evidence of different expression pat-
terns under stress treatments and in various organs
(Choi et al., 1999; Choi and Close, 2000; Rodriguez et
al., 2005). All of those barley Dhn genes encoding for
YSK; dehydrins have been shown to be up-regulated by
both dehydration and ABA, but not by chilling, and all
exhibit a basic isoelectric point (Choi et al., 1999). In
contrast, Dhns, which is up-regulated by cold treat-
ment, encodes for acidic DHN5 and DHNS, with pre-
dicted pls of 6.68 and 5.10, respectively (Danyluck et
al., 1998; Zhu et al., 2000). Moreover, a KS-type DHN,
Dhn13, is constitutively expressed, while Dhn12 exhib-
its seed-specific expression (Choi and Close, 2000;
Rodriguez et al., 2005). In our study, the expression pat-
terns of PgDhn differed slightly from those of barley,
with the majority of their transcripts being detected
under low-temperature conditions as well as ABA-treat-
ment and dehydration. It is also particularly interesting
that the KS-type DHN is one of the principal DHNs in
ginseng. Such dehydrins have demonstrated ion-bind-
ing ability (Kruger et al., 2002). Therefore, the KS type
may prove useful as an antioxidative, iron-sequestering
agent under dehydration or low temperature, for cases
in which harmful peroxides are likely to be generated
near susceptible membranes (Hara et al., 2003;
Rodriguez et al., 2005).

In summary, we have identified nine ginseng dehy-
drin genes and have classified them into four groups
based on their amino acid sequence homology. The first
and second groups encode for the YSK3- and KS-type
DHN, respectively. Both of these types have been sug-
gested as major ginseng DHNs, induced by abiotic
stress. The third group is SK3-type acidic DHN, while
the fourth is Y3SK2 DHN, with expression patterns that
differ from those of other PgDhn genes. Here, we also
identified an alternative transcript of the PgDhn2 gene,
which has been proposed as an alternative splicing
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product within the 3’-UTR, and has also been shown to
harbor an intron. One of the questions arising from
these findings is whether this intron functions as a post-
transcriptional  regulator in PgDhn2  expression.
Although that issue remains to be addressed, our cur-
rent results provide a foundation that may facilitate fur-
ther studies into new and lingering questions regarding
the Dhn genes, including investigations into the mecha-
nisms underlying gene expression, the nature and evo-
fution of allelic variation, and the cause-and-effect
relationships that occur among specific alleles and
stress-tolerance traits.
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