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Introduction

Late embryogenesis abundant (LEA) 
genes are highly expressed in seeds during 
late development. In addition, some LEA 
genes can be induced in vegetative tissues 
by osmotic stress, including salt treatment 
and desiccation, as well as with exogenous 
abscisic acid (ABA) treatment [reviewed in 
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1-4]. The genes have been studied exten-
sively and were isolated from plants, fungi, 
microbes, and even animals [reviewed in 
3-5]. LEA proteins are classified into at 
least 5 groups on the basis of their con-
served sequences [3,4,6] or at least 6 groups 
according to the “Protein or Oligonucleotide 
Probability Profile,” which shows over- or 
under-representation of particular amino 
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acids in protein sequences [5,7]. The pri-
mary structures and hydropathy studies 
suggested that the LEA I to IV proteins are 
hydrophilic, whereas the LEA V proteins are 
hydrophobic. Structural analysis suggested 
that hydrophilic LEA proteins are members 
of “natively unfolded proteins” and change 
their conformations when internal water 
molecules are removed [e.g. 8-11]. The 3-D 
structures of a D-95-type LEA V protein, 
Arabidopsis AtLEA7-1, revealed an αβ-fold 
consisting of one α-helix and seven β-strands 
that form two antiparallel β-sheets [12]. 

The expression profiles of LEA genes in 
diverse species were also reported. In gen-
eral, most LEA genes, such as rice Rab16A-D 
[13], barley HVA1 [14], soybean GmPM8 
[15] and tomato Le25 [16], are expressed 
in both reproductive and vegetative organs. 
However, some, such as wheat Em [17], cot-
ton D19 [18], carrot Dc8 [19], and B. napus 
Lea76 [20], are seed or embryo specific, and 
others, such as Arabidopsis Cor47 [21] and 
Lit29 [22], spinach Cap85 [23], and several 
Craterostigma plantagineum LEA II, III, IV, 
and V genes [24-26], are vegetative-tissue 
specific. Detailed analysis revealed that the 
expression of LEA genes is regulated sig-
nificantly by temporal and spatial effects. 
The mRNA expression of HVA1, a barley 
LEA III gene, was induced in roots, as well 
as in coleoptiles and leaves, in ABA- or 
drought-treated 3-day-old seedlings but was 
barely detected in leaves and coleoptiles 
in 7-day-old treated seedlings [14]. The 
expression patterns of two Arabidopsis Em 
genes, AtEm1 and AtEm6, showed AtEm1 
transcripts first detected about 13-14 days 
after pollination and mainly accumulated 
in vasculature and pericycle, whereas those 
of AtEm6 were detected 3 days later and 
expressed throughout the embryo [27,28]. 
Therefore, considering their redundancy and 
high level of expression, extreme hydro-
philic property, protein structure, as well as 
timing for accumulation, LEA proteins were 
suggested to be one of the key factors in 

the acquisition of desiccation tolerance. For 
example, the protein accumulation of barley 
HVA1 conferred water-deficit and salt-stress 
tolerance in transgenic cereals [29-32].

Orthodox seeds undergo dehydration 
and maturation during the late developmen-
tal stage. Several studies from various spe-
cies suggested that the moisture loss during 
seed maturation is critical for the embryo 
phase transition [33,34]. Interestingly, arti-
ficially drying immature soybean seeds also 
revealed similar embryo phase transition. 
This process was termed as precociously 
maturation or physiology maturation [35]. 
We isolated 41 cDNA clones from preco-
ciously matured soybean seeds and charac-
terized several of them [10,15,36-39]. These 
clones were designated GmPM, for Glycine 
max physiologically mature. Over half of 
them belong to LEA genes, including 1 LEA 
I, 3 LEA II, 6 LEA III, 6 LEA IV, and 5 LEA 
V and 7 atypical LEA genes. Although the 
abundance of LEA genes during treatment to 
induce precocious maturation suggests the 
relation between LEA genes and water loss 
and the expression of numerous LEA genes 
is induced under exogenous ABA or envi-
ronmental stress treatment, little information 
exists on the expression profiles of soybean 
LEA genes under hormone or water-deficit 
treatment. In the present study, we character-
ized the expression patterns of 15 soybean 
GmPM genes, including 11 typical and 4 
atypical LEA genes, by RT-PCR and in silico 
analysis. The transcripts of all tested GmPM 
genes showed high accumulation in mid-
developmental or pod-dried seeds.

Materials and Methods

Plant materials
Soybean (Glycine max L. cv. Shi-

shi) seeds were kindly provided by the 
Kaohsiung Agricultural Experimental 
Station, Pintong, Taiwan. Plants were grown 
to maturity in a greenhouse or field environ-
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ment under normal day-length. Germinating 
cotyledons were sampled around the single-
leaf stage. Nodules, roots, stems, leaves 
or mature flowers were collected during 
flowering. Pods were harvested at mid-
developmental stage, about 35 days after 
flowering (DAF), and seeds were induced 
to undergo precocious maturation by air-
drying the intact pods (pod-dried) for 4 days 
as described previously [10]. Soybean seed-
lings with the first compound leaves fully 
expanded were cultured for stress treatments 
in half-strength Johonson’s solution [40]. 
Leaves of control plants or those treated 
with 100 µM ABA, 50 or 150 mM NaCl, or 
2% PEG6000 solution for 1 day, or air-dried 
for 3 hr at room temperature were harvested. 
All plant materials were frozen in liquid 
nitrogen and stored at -80 oC until use.

RNA extraction and analysis
An amount of 500 mg tissue was ground 

to a fine powder in the presence of liquid 
nitrogen. Total RNA was extracted by use of 

TRIzol (ver. 12, Invitrogen) and chloroform, 
then precipitated with a 0.5 volume of iso-
propanol and sodium chloride. After wash-
ing and cleaning, the RNA was redissolved 
with double-distilled water. Gene expression 
analysis involved quantitative RT-PCR. First-
strand cDNA synthesis was performed with 
0.2 µg total RNA and the Superscript III 
first-strand cDNA synthesis kit according to 
the manufacturer's instructions (Invitrogen). 
Various primers used to detect the endoge-
nous LEA genes or elongation factor 1 (EF-1) 
are listed in Table 1. PCR reaction carried 
out 28 cycles of denaturation for 30 sec at 95 
°C; annealing for 45 sec at 54 °C; and exten-
sion for 60 sec at 72 °C.

Sequence analysis
Digital Northern analysis of GmPM 

genes involved use of the public soybean 
expressed sequence tag (EST) database 
downloaded from NCBI by use of BLAST 
algorithms [41]. The query sequences 
were for typical LEA proteins, such 

Table 1. Primers used in RT-PCR analysis of GmPm genes in soybean. 

Clone Forward Reverse
GmPM  1 CTGGAACCGCCACGTATTC TTAAGTACCCCCAGTCCCATACC
GmPM  2 TGCAAGGAGGAAAATGGAAG GAAGAGAATGTAAACAAGCAAACC
GmPM  3 CTTGGCTTTGCTAGTTGGTGC GGCTTGTGCATTGGATCTCC
GmPM  4 GAAACCGTTTAAAAACACTATGGG AACACAGCGTTCACTCAAGAG
GmPM  5 CCATGATTAGCACCTCAACTCC ACACGTGACCCCAGGTTGTG
GmPM  6 TACTATGGAACCAACACCGC GCACAACATCTCTGCCTTTATT
GmPM  8 GGTGATGTAGCACAGAATGC TTCTCAAAGCTCAGCATCCC
GmPM11 GATGAAAGAGCAAGGCAAGGAG CACATGCTAGTGAAGGGTGTTACAT
GmPM12 TCTGAGGATGATGGGCAAGG TGCACAAGATACTCAGCCCATG
GmPM16 CAAGTGCTGCCAAGGAACAAG TGGCCAATGGGACAAGTACC
GmPM17 GTCGCAGTTGTTGGACAAAGC CCAATGTCCTTTGCCAAGCT
GmPM25 GTGGCGTCACAGTCACAGAAAC AAGCAGCAGCTGATTGAGCC
GmPM28 ATGGCGAAGAGCAAGGAAGAC TTTGGGGCTATCCAGGAGCT
GmPM30 AAGCTGGTCAAACTAAGGGCC CCCTTCACCTTCTCCCCTGT
GmPM39 GTAATGTGGGTGTGGAACAGGAC CTGTCCCTGGGCTATTCACATAC
EF1* TGTTGCTGTTAAGGATTTGAAGCG AACAGTTTGACGCATGTCCCTAAC

*: elongation factor 1 gene
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as GmPM1 (M80666), 2 (M80664), 6 
(M94012), 8 (Z22872), 11 (AF004805), 12 
(AF004807), 16 (AF004810), 17 (U08108), 
25 (AF116754), 28 (AF117724), and 30 
(AF117884), and for atypical LEA proteins, 
such as GmPM3 (L20806), 4 (U59626), 5 
(U59425), and 39 (AF169024). 

Results

Tissue-specific expression of GmPM 
clones

To understand the expression patterns 
of GmPM genes in different tissues, we 
isolated total RNA from germinating coty-
ledons, leaves, roots, stems, nodules and 
flowers from mature plants, as well as mid-
developmental or pod-dried seeds, under 
normal conditions for RT-PCR analysis. 
All GmPM transcripts could be detected 
in mid-developmental or pod-dried seeds, 
with fewer transcripts for GmPM1, 2, 3, 8, 
and 11 in mid-developmental seeds (Fig. 1). 
Thus, all tested GmPM genes were LEA-
A-type genes [42]. Mid-developmental and 
pod-dried seeds showed a similar expression 
level of GmPM4, 5, 6, 25, 28, and 30, which 
also suggested that the expression of these 
genes started before the seed water content 
dropped below 68%-79% [34]. In addition, 
the transcripts of GmPM4, 6, 17, 25, 30, and 
39 were slightly accumulated in mature flow-
ers. Because pollen grains are able to reduce 
moisture during maturation as seeds develop, 
these genes might be expressed in the mature 
pollen grains. Moreover, the expression of 
most GmPM genes, except for GmPM17 and 
GmPM25, was barely detectable in vegeta-
tive tissues. GmPM4 and 16 were slightly 
expressed in roots, among all tissues ana-
lyzed, whereas the transcripts of GmPM5 and 
28 were detected in germinating cotyledons. 
In addition, the mRNA level of GmPM6 was 
slightly accumulated in nodules and germi-
nating cotyledons. By contrast, the D-95-type 
LEA V gene GmPM17 was expressed con-

stitutively in all vegetative tissues, whereas 
the D-34-type gene GmPM25 was expressed 
in nodules, roots, or stems. 

Fig. 1. �Tissue-specific expression of GmPM 
(PM) genes in different tissues and 
developmental stages in soybean. 
The samples included vegetative 
tissues (VT), such as nodules (N), 
roots (R), stem (S), leaves (L), 
germinating cotyledons (C), as well 
as reproductive tissues (RT), such as 
mature flowers (F), 35 DAF seeds 
(FS), and 4-day pod-dried seeds (PD). 
Transcripts of soybean elongation 
factor 1 gene (EF1) were used as a 
control.
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ABA or osmotic stress differentially 
regulated the expression of GmPM 
genes

The expression patterns of GmPM genes 
in response to ABA or osmotic stress treat-
ment are illustrated in Figure 2. Although 
several LEA genes were suggested to be 
expressed during ABA or osmotic stress, 
RT-PCR analysis revealed most soybean 
GmPM genes not expressed under these 
treatments. Only the transcripts of GmPM5, 
6, and 17 were detected under both stresses. 
The expression level of GmPM5 under 
ABA or osmotic stress treatment was simi-
lar to that of the control, but the level was 
decreased with NaCl or PEG treatment. 
Under high salt conditions (150 mM NaCl), 
the expression of GmPM5 was nearly sup-
pressed. The expression of GmPM17 was 
decreased with ABA, salt, or PEG treat-
ment. GmPM6 expression was enhanced by 
high salt or dehydration; however, the level 
of GmPM6 was barely detected with ABA 
or PEG treatment and was slightly reduced 
with weak salt treatment. Thus, the regula-
tion of GmPM6 might be independent of the 
ABA signaling pathway.

In silico analysis of soybean GmPM 
clones

The publicly available EST databases 
are a useful tool for gene functional analy-
sis. At the end of June 2008, the soybean 
EST database contained 435,347 entries. 
Hence, we used this database to quantify 
the expression level of specific genes in 
various tissues or under various treatments. 
BLASTN Algorithm was used to search 
the current soybean EST database, with 
selected GmPM sequences used as queries 
(see Materials and Methods). In total, we 
found 537 GmPM ESTs from 48 librar-
ies (Table 2). These included 155 ESTs of 
68,153 entries for reproductive tissues such 
as seeds (including cotyledons, seed coats, 
and seed pods), somatic embryos, and flo-

ral tissues, as well as another 314 ESTs of 
62,088 entries for biotic or abiotic stress-
treated tissue. Only 45 ESTs of 165,485 
entries were found for seedlings or vegeta-
tive tissues (leaves, roots, or stems), and 64 
ESTs of 87,947 entries were from mixed 
libraries. No library was constructed from 

Fig. 2. �ABA and osmotic stress differentially 
regulate the expression of GmPM 
g e n e s .  T h e s a m p l e s  i n c l u d e d 
compound-leaf untreated (C) or 
treated with 50 mM NaCl (N1), 150 
mM NaCl (N2), 100 µM ABA (A), 
2% PEG, and drought treatment (D), 
as well as 4-day pod-dried seeds (PD). 
Transcripts of soybean EF1 were 
used as controls.
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mature or pod-dried seeds in all 146 soy-
bean EST libraries. Hence, the entries of 
GmPM ESTs for reproductive tissues might 
be low in the present libraries. For example, 
GmPM2, 11, and 25 appeared only once in 
the EST databases, and no EST was found 
for GmPM28. However, our RT-PCR results 
showed high accumulation of the transcripts 
of these genes in mid-developmental or pod-
dried seeds. A total of 59 GmPM17 ESTs 
appeared in 30 libraries, which suggests that 
GmPM17 might be expressed constitutively, 
which confirmed our RT-PCR results. Salt- 
and drought-stressed tissues accounted for 
292 ESTs of 9,529 entries, including 246 
GmPM6 ESTs. This finding suggested that 
GmPM6 genes are highly regulated dur-
ing salt or drought stress in vegetative tis-
sues, which confirmed our RT-PCR results. 
Although several LEA genes were reported 
to be involved in the osmotic-response path-
way, the EST sequences of 8 tested GmPM 
clones, GmPM2, 4, 5, 8, 11, 12, 25, and 28, 
were not detected in abiotic stress-treated 
vegetative tissues. 

Discussion
In the present study, we characterized 

the expression profiles of several soybean 
GmPM genes, including 11 typical and 
4 atypical LEA genes, by RT-PCR and in 
silico analysis in different tissues or under 
various stress conditions. All GmPM genes 
were expressed in seeds 35 DAF, which 
suggests that they are LEA-A-type genes. 
In addition, the expression of all genes was 
induced in response to seed moisture loss, 
so they respond to dehydration. The results 
of RT-PCR or in silico analysis suggest that 
most GmPM genes are regulated by spatial 
effects.

GmPM11 is similar to Em6-type LEA 
I by having only one 20-mer motif [43]. 
Previous analysis suggested that LEA I 
genes, such as radish p8B6 [44], wheat Em 
[45], cotton D-19 [18], barley B19 [46,47], 

carrot Emb-1 [48], Arabidopsis AtEm1 and 
AtEm6 [27,43,49], Avena fatua AF14 [50], 
and soybean Sle1 [51], were seed or embryo 
specific. Our RT-PCR and in silico results 
confirmed these observations. In addi-
tion, Arabidopsis AtEm1 transcripts were 
detected about 13-14 days after pollination 
and AtEm6 transcripts 3 days later, which 
indicates that the AtEm1 gene belongs to 
LEA-A-type genes, whereas AtEm6 is an 
LEA type, and GmPM11 performs a LEA-A-
type temporal regulation. Thus, the number 
of 20-mer motifs might not be related to the 
regulation of the Em gene. 

Two soybean LEA II genes, GmPM6 
(Y2K type) and GmPM12 (Y3SK type), were 
shown to be LEA-A type in mid-develop-
mental seeds. However, in vegetative tissues, 
these two genes had different expression 
patterns. Both RT-PCR and in silico analy-
sis indicated that GmPM6 was expressed in 
vegetative tissues and mature flowers and the 
expression was induced in response to high 
salt or dehydration. By contrast, GmPM12 
is seed or embryo specific, and transcripts 
did not accumulate under ABA or stress 
treatment. Previous studies had suggested 
that dehydrins in the same group might or 
might not give similar organ-, development-, 
or stress-specific expression patterns. For 
instance, 5 Arabidopsis dehydrin genes -- 
Cor47 (SK3 type), Lti29 (SK2 type), Erd14 
(SK2 type), Lti30 (K6 type), and Rab18 
(Y2SK2 type) -- show differential expres-
sion patterns in response to low temperature, 
salinity, and ABA treatment in root, stem 
and leaf tissues. The accumulation of Erd14 
and Lti30 mRNA is constitutive, but Lti30 
is induced in response to low temperature 
or salinity in tested tissues. Cor47 and Lti29 
are mainly expressed in roots and stems 
and slightly expressed in leaves under low 
temperature. Rab18 mRNA accumulates 
only in ABA- and salinity-treated tissues. As 
is common, the accumulation of dehydrin 
genes is higher in roots and stems than in 
leaves [22,52,53]. Four members of the rice 
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Rab family (Rab21, rab16B to D), which 
are arrayed in tandem on chromosome 11 
and have similar sequences (YSK2 type), 
are expressed in ABA-treated seedlings, 
and only Rab16D is undetected in mature 
seeds [13,54]. Thus, the expression patterns 
of dehydrins reveal complex regulation 
pathways in seeds or under environmental 
stresses.

Three soybean LEA III genes, with their 
deduced protein sequences containing dif-
ferent numbers and consensus sequences 
of 11-mer repeats, were used to examine 
expression profiles. The deduced protein 
sequence of GmPM2 genes contains 19 
11-mer repeats and one additional 36-mer 
motif. RT-PCR and in silico results sug-
gested that GmPM2 is seed or embryo spe-
cific, although the expression of its wheat 
ortholog MA1949 is induced by water 
stress in seedlings [55]. The deduced pro-
tein sequence of GmPM8 shows 32 11-mer 
repeats and a signal peptide in the N ter-
minal. Our previous northern blot analysis 
revealed that the transcripts of the GmPM8 
homolog GmPM10 accumulate in callus or 
seedlings under drought or chilling treat-
ment, as well as in seeds [15]. In the present 
study, however, the transcripts of GmPM8 
were detected only in mid-developmental 
seeds. GmPM30 is related to D-7-type LEA 
genes, with five 11-mer repeats. The tran-
scripts of GmPM30 were detected in mid-
developmental seeds. In silico results sug-
gested that GmPM30 might be expressed 
under abiotic stress. Considering the low 
level of EST entries for this gene -- 5, 9, and 
4 ESTs of 3,720; 5,809; and 13,430 entries, 
respectively -- GmPM30 transcripts pos-
sibly were not detected by RT-PCR. Animal 
orthologs of GmPM30 were suggested to 
be induced in response to anhydrobiotic 
stress [e.g. 56-59]. In conclusion, although 
numbers of LEA III genes are responsive to 
various environmental stresses, the tested 
soybean LEA III genes are mainly expressed 
in seeds 35 DAF.

We used three different LEA IV genes -- 
GmPM1, GmPM16 and GmPM28 -- accord-
ing to their conserved N-terminal domains to 
examine their expression profiles. RT-PCR 
results showed these genes highly expressed 
in pod-dried seeds and their expression not 
induced in response to exogenous ABA 
or osmotic stress treatment, although in 
silico analysis showed small amounts of 
GmPM1 or GmPM16 ESTs. LEA IV genes 
have been isolated from several plant spe-
cies, including cotton, cultivar or wild-type 
tomato, sunflower, soybean, Lemna gibba, 
Arabidopsis, Phaseolus vulgaris, white 
spruce, birch, and C. plantagineum, as well 
as genome sequences from various plant 
species [see reviewed in 1,3,4]. Unlike the 
protein sequences of LEA I to III genes, the 
deduced protein sequences of LEA IV genes 
lack consensus motifs or sequences. In gen-
eral, the N-terminal domains contain several 
conserved small and charged amino acid 
residues, whereas the variable C-terminal 
regions include a large number of non-polar 
amino acid residues. In most studies, LEA IV 
genes were expressed in both mature seeds 
and stress-treated vegetative tissues [e.g. 
16,25,60-62]. Arabidopsis PAP51, however, 
is seed specific [49].

As typically hydrophobic LEA genes, 
D-95- type  GmPM17  and D-34- type 
GmPM25 displayed expression patterns dif-
ferent from those of typically hydrophilic 
LEA genes. The transcripts of GmPM17 
were detected in all tested tissues, although 
the accumulation in leaves or germinating 
cotyledons was lower than that in other tis-
sues. In silico analysis also confirmed the 
observation. However, the expression of 
GmPM17 was decreased under exogenous 
ABA or osmotic stress treatment in vegeta-
tive tissue. The transcripts of GmPM25 
accumulate in roots, stems, flowers, or seeds. 
No GmPM25 transcripts were detected in 
leaves under normal or stress-treated condi-
tions. We found only one GmPM25 hit in 
the whole EST database (435,347 entries). 
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This finding might be explained by ran-
dom selection for each cDNA library or 
the tissue to construct the library. Previous 
analysis showed several LEA V genes, such 
as cotton D-34 and D-95, carrot ECP31, or 
Arabidopsis PAP140 and AtRAB28, expres-
sed in seeds or induced in young embryos by 
dehydration [18,49,63,64]. The expression of 
other LEA V genes, such as C. Plantagineum 
pcC27-45 and pcC16-81, maize RAB28, 
tomato ER5, and hot pepper CaLEA6, was 
induced or enhanced by salt or dehydration 
in vegetative tissues [24,26,65-68]. Soybean 
GmPM17 and GmPM25 and Arabidopsis 
Atecp31 [64] are examples of LEA V genes 
expressed both in seeds and vegetative tis-
sues. 

Similar to the protein sequences of LEA 
V genes, the deduced sequences of 4 tested 
atypical LEA genes are hydrophobic. The 
GmPM3 homolog, wheat AWPM-19, was 
suggested to be involved in freezing toler-
ance [69]. The deduced proteins of GmPM3 
and AWPM-19 contain a conserved domain 
that may act as transmembrane domains. 
In our study, the transcripts of GmPM3 
were detected only in mid-developmental 
or pod-dried seeds and were absent under 
exogenous ABA or osmotic stress treat-
ment. GmPM4 protein and its homolog pea 
SBP65 are biotinylated proteins and mainly 
accumulate in mature seeds [37,70]. Our 
RT-PCR analysis revealed the transcripts 
of GmPM4 in nodules, roots, and mature 
flowers under normal conditions and not in 
seedlings under exogenous ABA or osmotic 
stress treatment. The product of GmPM5 
was annotated as a 7S seed globulin precur-
sor, with its transcripts slightly accumulating 
in germinating cotyledons or leaves under 
normal conditions and detected in seedlings 
under exogenous ABA or osmotic stress 
treatment. Severe salt stress might suppress 
the expression of GmPM5. RT-PCR and in 
silico results revealed GmPM39 expressed 
in seeds or mature flowers under normal 
conditions and not ABA- or stress-treated 

conditions. However, the GmPM39 homolog 
spinach CAP160 showed the response under 
chilling or severe water stress [71]. Hence, 
these two genes might be involved in diverse 
regulation pathways. 
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