We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists

4,500

118,000

130M

Open access books available

International authors and editors

Downloads

Our authors are among the

154

TOP 1%

12.2%

Countries delivered to

most cited scientists

Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

10
Molecular Responses to
Osmotic Stresses in Soybean
Tsui-Hung Phang, Man-Wah Li, Chun-Chiu Cheng,
Fuk-Ling Wong, Ching Chan and Hon-Ming Lam
State Key Laboratory of Agrobiotechnology and
School of Life Sciences,
The Chinese University of Hong Kong, Shatin,
Hong Kong

1. Introduction
Soybean is an important economic crop for food and feed worldwide and currently has
become an important raw material for biodiesel due to its high protein and oil contents. The
global shrinkage of arable lands as a result of human activities and environmental factors
has limited the expansion of soybean acreage. Exploring soybean cultivation on marginal
lands has caused much attention; and yet the productivity of soybean under adverse
environment is significantly limited by osmotic stresses (including salinity, drought, and
cold), which impose negative impacts on growth, nitrogen fixation, agronomy traits, seed
quality, and yield.
It is therefore important to acquire a better understanding of the molecular responses to
osmotic stresses in soybean. In the past decade, related reports in this area have been
accumulated rapidly. The recent completion of a reference soybean genome (Schmutz et al.,
2010) has provided comprehensive genomic information that will expedite the identification
of stress responsive genes and their functions. In view of this recent development, the
purpose of this book chapter is to provide a framework for the current understanding of this
research area and hence to facilitate future discussion. Here, we summarize and integrate
the findings from individual reports and put forth a working model with reference to
studies in higher plants. Common and specific components of various types of osmotic
stresses and potential tolerant germplasm-specific components are highlighted. We also
discuss the current obstacles in this research area and the forward-looking research
strategies to tackle these problems.
While the knowledge on soybean is still limited, extensive researches have been carried
out to elucidate the mechanisms of osmotic stress signal transduction in higher
plants (especially in the model plant Arabidopsis thaliana) (for previous reviews, see Zhu,
2001; Mahajan and Tuteja, 2005; Chinnusamy et al., 2006; Phang et al., 2008; Chavez
and Gonzalez, 2009; Agarwal and Jha, 2010). The major findings are summarized in
Fig. 1. This helps to form a framework for our following discussion on related findings in
soybean.
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Fig. 1. A schematic model on the current understanding of osmotic stress signal
transduction pathway in higher plants. CW: Cell wall; PM: Plasma membrane.
Stress sensors
In higher plants, osmotic stresses are presumed to be perceived by unidentified sensors in
plasma membrane and/or cell wall. Based on the stress nature and severity, multiple
sensors are expected to perceive various types of osmotic stresses (Xiong and Zhu, 2002;
Kacperska, 2004). Cold sensors may be involved in the detection of membrane physical
state/fluidity, changes in cytoskeleton, and cell wall structure (Heidarvand and Amiri,
2010). Drought sensors may be associated with membrane dehydration (Mahajan and
Tuteja, 2005) and turgor pressure (Reiser et al., 2003). Salt signals may be perceived by
drought sensors, together with sensors related to ion toxicity and imbalance (Mahajan and
Tuteja, 2005). Protein components in cell wall (e.g. receptor kinases) are also potential
candidates of osmotic stress sensors (Humphrey et al., 2007).
Ca2+ signatures
Once the stress signals are perceived, consequential spatial and temporal changes in
cytosolic Ca2+ concentration (known as ‘Ca2+ signature’) will be triggered (McAinsh and
Pittman, 2009). Reactive oxygen species (ROS), inositol-1,4,5-trisphosphate (IP3), inositol
hexakisphosphate (IP6), nicotinic acid adenine dinucleotide phosphate (NAADP),
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phosphatidylinositol 3- and 4-phosphate (PI3P and PI4P), cyclic adenosine 5’diphosphoribose (cADPR), and sphingosine-1-phosphate (S1P) are implicated to control the
activities of diverse members of Ca2+ channels and Ca2+ transporters which are evolved to
regulate the specificity of Ca2+ signatures (period, frequency, and amplitude) (Ng and
McAinsh, 2003; McAinsh and Pittman, 2009). Different strength of environmental stimuli
can also generate differential spatial-temporal Ca2+ waves (Goddard et al., 2000).
Ca2+ sensors
The Ca2+ signatures are detected and decoded by Ca2+ sensor proteins (Dodd et al., 2010),
which exhibit different Ca2+-binding characteristics, subcellular localizations, and downstream
signalling interactions. The molecular features enable the sensor proteins to decode and
process the information embedded within Ca2+ signatures into alterations of cell functions
(Dodd et al., 2010).
Ca2+ sensor proteins can be classified into sensor responders and sensor relays (Dodd et al.,
2010). Sensor responder proteins combine the sensing function (mediated by Ca2+-binding
domains) and the response activity (e.g. kinase activity) within a single protein (Dodd et al.,
2010). In contrast, sensor relay proteins (e.g. most calmodulins) only possess Ca2+-binding
domains that can undergo Ca2+-induced conformational changes to interact and regulate the
activity of target proteins (Dodd et al., 2010).
Calcineurin B-like protein (CBLs) are sensor relay proteins, sensing Ca2+ by four Ca2+binding EF-hands. They form complex with CBL-interacting protein kinases (CIPKs) in the
conserved NAF (Asn-Ala-Phe) domain to release the C-terminal (autoinhibitory) domain
from the kinase domain; thereby transforming the CIPKs into their active state. CBLs can
form independent complex with CIPKs for transmitting the Ca2+ signal to activate different
subset of stress-responsive genes.
Cacium-dependent protein kinases (CDPKs) are typical sensor responders that are activated
after binding of Ca2+ to the C-terminal EF-hand-containing regulatory domain, causing
conformational changes that relieve the active site of the kinase domain from masking by an
autoinhibitory domain. They are then fully activated by autophosphorylation. Activated
CDPKs will phosphorylate downstream kinase and phosphatase components and transmit
the signals via phosphorylation. The roles and regulation of CDPKs in higher plants were
reviewed previously (Ludwig et al., 2004).
Calmodulins (CaMs), forming a large protein family in higher plants (McCormack and Braam,
2003), are another group of Ca2+ signature decoders. In response to osmotic stress, this calcium
sensor may transmit the calcium signal by functioning as a transcription factor to regulate gene
expression directly (as sensor responders) (Kushwaha et al., 2008), working as sensor relays
through the interaction with transcription factors and transcription factor-binding protein, or
modulating phosphorylation status of transcription factors (Kim et al., 2009).
Phosphorylation cascade
Protein phosphorylation cascade, regulated by kinases and phosphatases, plays central role
to link Ca2+ sensors to cellular responses. The mitogen-activated protein kinase (MAPK)
pathway that has received much attention is composed of three kinase modules: MAPK,
MAPKK and MAPKKK (Jonak et al., 2002) .
MAPKs are serine/theonine kinases that modulate a variety of downstream gene expression
and physiological responses (Jonak et al., 2002; Zhu, 2002). The substrates include transcription
factors, protein kinases, and cytoskeletal proteins. MAPKKs are dual-specificity kinases which
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activate MAPKs by phosphylation of both tyrosine and threonine residue in the T-X-Y
activation motif (Jonak et al., 2002; Zhu, 2002). MAPKKKs are serine/threonine kinases that
catalyze the phosphorylation of MAPKKs through the two serine/threonine residues in a
conserved S/T-X3-5-S/T motif (Jonak et al., 2002). Multiple MAPKs, MAPKKs and MAPKKKs
can be found in higher plant genomes (Ichimura et al., 2002). These kinases form a
phosphorylation cascade in higher plants in response to osmotic stress stimuli (Ichimura et al.,
1998; Ichimura et al., 2000; Teige et al., 2004; Nakagami et al., 2005).
In contrast, phosphatases play negative roles in the regulation of osmotic signalling by
down-regulating MAPK and abscisic acid (ABA) pathways (Huang et al., 2000; Xiong et al.,
2001; Gupta and Luan, 2003; Schweighofer et al., 2007).
Transcriptional regulation network
The relationship between osmotic stresses and plant transcription factors has been
extensively investigated in model plants (Singh et al., 2002; Mahajan and Tuteja, 2005;
Agarwal et al., 2006; Kim et al., 2006; Nakashima and Yamaguchi-Shinozaki, 2006; Tran et
al., 2007; Tuteja, 2007; Bhatnagar-Mathur et al., 2008; Saibo et al., 2009; Agarwal and Jha,
2010). The transcriptional machinery in response to osmotic stress is controlled by various
transcription factors/regulons, and can be classified into ABA-dependent and ABAindependent pathways. The two pathways are, however, not mutually exclusive. Four major
regulons are involved in osmotic stress responses: C-repeat binding factor/dehydration
responsive element binding factor (CBF/DREB) regulon (in cold stress responses), ABAresponsive element binding protein and ABA-responsive element binding factor
(AREB/ABF) regulon (in ABA, drought, and salinity responses), NAC and zinc finger
homeodomain (NAC/ZF-HD) regulon (in ABA-independent, drought and salinity
responses), and MYC/MYB regulon (ABA-dependent and responsive to different abiotic
stresses).
In the following sections, we will provide a summary of findings in soybean with reference
to the knowledge from other higher plants.

2. Potential sensors for osmotic stress signals in soybean
Ca2+ channels, two-component histidine kinases, receptor-like protein kinases, G-protein
coupled receptors have been proposed to work as sensors to initiate signalling cascades in
higher plants (Xiong and Zhu, 2002; Kacperska, 2004; Solanke and Sharma, 2008). A direct
proof for the presence of osmosensors in soybean is still missing. However, several receptorlike protein kinases that are important candidates of osmosensors have been identified in
soybean, including GmCLV1A, GmCLV1B, GmRLK1, GmRLK2, rlpk1, rlpk2 and rlpk3
(Yamamoto et al., 2000; Yamamoto and Knap, 2001; Ma et al., 2006). Except the rlpk3
protein, all of the above proteins belong to the leucine-rich repeat (LRR) protein superfamily
that can respond to a wide range of extracellular signals and transduce the signals into
intracellular responses. On the other hand, the rlpk3 protein belongs to the RLCK (receptorlike cytoplasmic kinases) family (Ma et al., 2006).
Making use of available sequence resources, which include large EST (expressed sequence
tag) databases, full length-cDNA collections, and the recently completed soybean genomic
sequence, more potential osmotic sensors can be identified. For example, 605 putative RLK
genes in soybean were identified by a large-scale ESTs survey of the database (Liu et al.,
2009b). Based on the phylogeny of the kinase domain, these soybean RLKs can be classified
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into 58 different small subfamilies and are presumed to perform different functions (Liu et
al., 2009b). Further works are needed to determine their exact roles in osmotic stress sensing.

3. Intracellular secondary messengers for osmotic stress signalling in
soybean
Calcium signalling
Different signals may activate different Ca2+ sensors/receptors that will work independently
or co-operatively to trigger the signalling pathways for stress responses (Xiong and Zhu,
2002). In soybean, the application of external Ca2+ could ameliorate salt-induced inhibitory
effects on primary root elongation (An et al., 2004). Calcium oscillation has been observed in
soybean, although osmotic stresses specific oscillation has yet to be reported. For example,
α-1,4-linked oligogalacturonides (OGs), a well-known elicitor of defense responses, can
trigger rapid and transient changes in the cytosolic Ca2+ in an aequorin-transformed
soybean cell line (Navazio et al., 2002). This implies that soybean can transmit signals by
generating Ca2+ signatures. Moreover, homologues of Ca2+ sensors and several downstream
components have been identified in soybean.
In soybean, SCA1 is a plasma membrane-localized Ca2+-ATPase (encoded by GmSCA1) that
belongs to a novel family of plant type IIB Ca2+ pump. It is stimulated by CaM (Chung et al.,
2000) and can be rapidly and dramatically induced by NaCl stress and fungal elicitor
(Chung et al., 2000) although its role in shaping Ca2+ signatures awaits further studies.
On the other hand, the soybean gene GmSTL encodes a calcineurin-like protein (Li et al.,
2006) which shares 63.6% protein sequence identity with its homologue AtSTO in A. thaliana.
Expression of AtSTO can functionally complement yeast calcineurin deficient mutants
(Lippuner et al., 1996) and enhance salt tolerance in transgenic A. thaliana (Nagaoka and
Takano, 2003). AtSTO interacts with the H-protein promoter binding factor (an MYB
transcription factor) (Nagaoka and Takano, 2003). Since many MYB transcription factors
involve in the osmotic stress signalling pathways in higher plants (Abe et al., 1997), it is
suggested that AtSTO and GmSTL may act as calcium sensors.
Another group of putative Ca2+ sensors, the CaM proteins are encoded by a large gene
family (at least 56 loci in A. thaliana; McCormack and Braam, 2003). A large gene family may
signify their diverse physiological roles related to Ca2+ signalling. Five CaM cDNA clones
(GmCaM1 to 5) have been obtained from soybean (Lee et al., 1995). GmCaM-1 and GmCaM3 are CaM isoforms with an identical amino acid sequence to CAL1, an alfalfa CaM (Barnett
and Long, 1990). GmCaM-2, with two amino acid residues different from GmCaM-1
(Barnett and Long, 1990), was identical to a barley CaM (Ling and Zielinski, 1989). GmCaM4 and GmCaM-5 form a novel group of CaMs that has not yet been identified in other plants
or animals (Lee et al., 1995). GmCaM-1 and GmCaM-4 activate Ca2+/CaM-dependent
molecules, including CaM-dependent protein kinase II, calcineurin, Ca2+-ATPase, plant
NAD kinase, and nitric-oxide synthase (Park et al., 2004). The expression of GmCaM-4 in
soybean can be up-regulated by treatment with Na+, Ca2+, glycol chitin, and Pseudomonas
syringae, but not with K+, mannitol, hydrogen peroxide, salicylic acid, jasmonic acid, or ABA
(Park et al., 2004). Its promoter can be induced by pathogen or NaCl (Park et al., 2009).
GmCaM-4 can also activate an R2R3-type MYB transcription factor which is an upstream
regulator of a number of salt- and dehydration-responsive genes (Yoo et al., 2005). Ectopic
expression of GmCaM4 in A. thaliana induces the expression of marker genes for osmotic
stress responses, such as P5CS1, ADH1, and RD22.
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Furthermore, the homologue of a member of CaM-binding protein family was identified
from a suppression subtractive hybridization (SSH) cDNA library from nodular tissue of
soybean under drought stress (Clement et al., 2008). Interestingly, nodules development and
maintenance are affected by osmotic stresses via a Ca2+ mediated pathway (Guenther et al.,
2003)
Under salt and drought stresses, a CDPK residing on the soybean symbiosome membrane
can phosphorylate nodulin 26, a water channel on the same membrane, to control its water
permeability (Guenther et al., 2003). Phosphorylated nodulin 26 increases the water
permeability of the membrane, and may be responsible for regulating the accumulation and
compartmentalization of compatible solutes.
Phospholipid signalling
The osmotic stress-induced phospholipid signalling in higher plants involves the generation
of InsP6 and the subsequent release of Ca2+ from an intracellular store. The molecule
phosphatidic acid (PA) functions as the plant lipid secondary messenger (reviewed in
(Munnik and Vermeer, 2010). In soybean, PA is an upstream activator of the woundinduced MAPK pathway (Lee et al., 2001).
Diacylglycerol (DAG) is one of the key members in the phospholipid signalling pathway in
response to stress. Phosphatidylinositol transfer proteins (PITPs) transfer
phosphatidylinositol (PtdIns) or phosphatidylcholine between membrane bilayers and
maintain the integrity of a critical Golgi DAG pool (Wirtz, 1991; Kearns et al., 1997).
Functional rescue of PITP-deficient yeast strains by two soybean proteins (Ssh1p and Ssh2p)
proved that they are functional homologues of yeast PITPs (Kearns et al., 1998). Osmotic
stress (NaCl or sorbitol) can induce the expression of Ssh1p and the phosphorylation of
Ssh1p proteins (Kearns et al., 1998), suggesting its role in the phospholipids signalling of
osmoprotective responses.
Further studies revealed that two soybean serine/threonine protein kinases, SPK1 and
SPK2, are responsive to hyperosmotic stress by phosphorylating Ssh1p (Monks et al., 2001).
Immunoprecipitation assays demonstrated that the two protein kinases do not belong to
MAP kinases, indicating that Ssh1p is not part of the well-known osmotic stress-induced
MAPK pathway. On the other hand, Ssh1p may activate PtdIns 3-kinase and PtdIns 4-kinase
to regulate the synthesis of PtdIns, which acts as a secondary messenger for the downstream
responses to osmotic stresses. A speculative model of such osmosensory signal transduction
has been proposed (Monks et al., 2001).
Two other putative components for phospholipids signalling have been identified in
soybean. A nodulin gene (G93) is down-regulated by drought in nodules. The G93 protein
shares a high homology with the Arabidopsis PARF-1 that binds to phosphatidylinositol 3phosphate (Clement et al., 2006). On the other hand, salt can induce the expression of a
soybean gene encoding an oxysterol-binding protein (OSBP)-homologue (Li et al., 2008).
Members of the OSBP family may function as regulators of cellular lipid metabolism, vesicle
transport, and signal transduction (Li et al., 2008). Whether G93 or OSBP from soybean takes
part in the phospholipid signalling remains unclear at this point.
ROS signalling
Osmotic stress often results in the upset of ion homeostasis, which in turn leads to ROS
formation and cellular damage (Moran et al., 1994; Zhu, 2001). The expression of a number
of Arabidopsis CaMs, protein kinases, and transcription factors are induced by hydrogen
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peroxide (Desikan et al., 2001; Neill et al., 2002). Therefore, the ROS-mediated pathway is
potentially connected to Ca2+-mediated osmotic stress responses.
In soybean leaves, the expression and the activities of catalase, superoxide dismutase, and
haem oxygenase-1 are affected by NaCl treatment (Zilli et al., 2009). In a separate work, it
was found that NaCl treatment can enhance the expression of haem oxygenase-1 and thus
the production of hydrogen peroxide and superoxide. Such induction will be inhibited by
inhibitors of NADPH oxidase, guanylate cyclise, and calcium channel - three important
candidates in the oxidative stress responsive pathway (Balestrasse et al., 2008). Therefore,
the soybean haem oxygenases may play dual roles in the protection machineries against salt
and oxidative stresses.

4. Phosphorylation cascades for osmotic stress signalling in soybean
Several putative protein kinases have been identified in soybean. GmAAPK, a gene encoding
a putative serine/threonine protein kinase was cloned using a cDNA array (Luo et al., 2006).
Its expression is enhanced by Na+, Ca2+, polyethylene glycol (PEG), and ABA, suggesting
the possible involvement of GmAAPK in osmotic stress signalling. Another gene for a
putative serine/threonine protein, GmSTY1, was identified by screening the cDNA GAL4
activation domain fusion library of soybean (Xu et al., 2006). GmSTY1 can be induced by salt
and drought treatments but not exogenous ABA, indicating that this protein kinase may
respond to abiotic stresses in an ABA-independent pathway.
From a soybean SSH library (Clement et al., 2008), a putative Ste-20 related kinase was
identified. In yeast, Ste-20 is a kinase essential for osmotic stress signalling via the SHO1
branch of the high osmolarity glycerol (HOG) MAPK pathway, as shown by
complementation tests using yeast mutants (Raitt et al., 2000). Ste-20 may be an upstream
component that, under osmotic stress, phosphorylates an MAPKKK (Ste-11) and then
trigger the subsequent activation of members in the MAPK cascade (Raitt et al., 2000).
On the other hand, the late nodulin G93 (see Part 3) might also take part in a MAPK cascade
in soybean nodule during osmotic stress, since the protein sequences also resembles the ZR1
and RCC1 proteins which involve in nuclear trafficking of MAPKs (Clement el al., 2006).
There are also some clues coming from the rich genetic resource of wild soybean (Glycine
soja). At least 20 kinase ESTs in G. soja are up-regulated by salt and/or dehydration stress
(Yang et al., 2010). A CaM-binding receptor-like kinase (GsCBRLK) was isolated from G. soja
(Yang et al., 2010). This GsCBRLK gene is induced by cold, salt, drought, or ABA stress and
the encoded protein is localized on the plasma membrane. In vitro and in vivo assays
suggested that GsCBRLK proteins can bind to CaM and exhibit kinase activities in a Ca2+dependent manner. Ectopic expression of GsCBRLK in A. thaliana can increase the expression
of a number of salt stress or ABA-related marker genes (RD29A, RD22, KIN1, COR15A, and
NCED3) and enhance the tolerance toward high salinity (Yang et al., 2010). GsCBRLK is
therefore a possible molecular link between osmotic stress- and ABA-induced Ca2+/CaM
signalling pathways (Yang et al., 2010).
Another study identified the GmGSK gene that encodes a novel glycogen synthase kinase-3
in soybean (Zhang et al., 2010a). Glycogen synthase kinase-3 is a serine/threonine kinase
conserved in plants and animals. GmGSK behaves similar to GsCBRLK, including the
inducibility toward cold, salt, drought, or ABA treatment, the localization on plasma
membrane, and the ability to enhance multiple stress tolerance (Na+, sorbitol, and low/high
temperature in transformed yeast cells). The results suggested a possible role of GmGSK in
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osmotic stress signalling in soybean though an extensive functional analysis is yet to be
completed.
The WNK (With No Lysine) protein kinases in human belong to a serine/threonine kinase
family involved in the signalling pathway regulating epithelial ion transport and cell
volume homeostasis in response to osmotic stress (Richardson and Alessi, 2008). In soybean,
GmWNK1 encodes a root-specific WNK protein kinase. Expression studies and bimolecular
fluorescence complementation experiments (Wang et al., 2010a) demonstrated that
GmWNK1 can be down-regulated by ABA and osmotic stresses (NaCl, PEG, mannitol and
glucose) and interacts with the ABA 8’—hydroxylase (an important enzyme for ABA
catabolism) (Wang et al. 2010a). Overexpression of GmWNK1 in soybean will lead to
reduction in total and lateral root length, and increase in endogenous ABA level. This novel
protein kinase in soybean may mediate the control of root system architecture by ABA and
osmotic signals (Wang et al., 2010a).

5. Transcription factors participated in osmotic stress signalling in soybean
Reprogramming of transcriptome is an effective and durable mean to cope with
environmental stresses. The release of a reference soybean genome sequence enables a quick
survey of transcription factors in soybean (Mochida et al., 2009; Schmutz et al., 2010; Wang
et al., 2010b). There are >4000 transcription factor gene loci occupying 6.56% of nonredundant gene loci in the soybean genome, more than a double of that in A. thaliana (~ 1900
out of 27235, ~7%) and rice (~2000 out of 56797, ~3.5%; Mochida et al., 2009). Categorizing
the annotated loci according to GO terms suggests that more than 500 transcription factors
in soybean would probably respond to osmotic stresses (Mochida et al., 2009). There are
rapid accumulations of information on soybean transcription factors and their putative
functions related to osmotic stresses (Tian et al., 2004; Mochida et al., 2009; Schmutz et al., 2010;
Wang et al., 2010b). A summary of the recent findings is presented below and in Table 1.
AP2/ERF
AP2/ERF transcription factors can be classified into 5 subfamilies including the AP2
(APETALA2), ERF (ethylene-responsive transcription factor), DREB (dehydration-responsive
element-binding protein), RAV (related to ABI3/VP1), and Soloist (Sakuma et al., 2002;
Zhuang et al., 2009) depending on the number of AP2/EFR domain. More than 380 AP2/ERF
genes are present in the soybean genome (Mochida et al., 2009; Wang et al., 2010b) while only
a few of them have been characterized (Gao et al., 2005; Li et al., 2005; Chen et al., 2006; Chen et
al., 2007; Mazarei et al., 2007; Wang et al., 2008; Zhang et al., 2008b; Chen et al., 2009a; Zhang et
al., 2009a; Zhang et al., 2009b; Zhuang et al., 2009; El Ouakfaoui et al., 2010; Jin et al., 2010).
More than 10 members of the gene family encoding DREB transcription factors present in
the soybean genome (Phang et al., 2008), and 7 of the GmDREB genes are induced by ABA,
salt, drought, and/or cold stress (Table 1) (Gao et al., 2005; Li et al., 2005; Chen et al., 2006;
Chen et al., 2007; Chen et al., 2009a; Jin et al., 2010). Ectopic expression of GmDREB (in
wheat) and GmDREB2 (in A. thaliana) can enhance salt and drought tolerance. While
GmDREB3 confers salt, drought, and cold tolerance in transgenic A. thaliana, GmDREB1 can
only enhance salt tolerance in alfalfa (Table 1) (Gao et al., 2005; Chen et al., 2007; Chen et al.,
2009a; Jin et al., 2010) These transgenic studies suggested that members of GmDREB family
may have different roles in osmotic stress responses.
Eleven GmERF genes encoding ERF transcription factors in soybean exhibit differential
expression under salt, drought, cold, and phytohormone treatments (JA, SA, ET and ABA)
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(summarized in table 1) (Zhang et al., 2008b; Zhang et al., 2009a; Zhang et al., 2009b).
GmERF3 and GmERF4 are localized in nucleus and bind specifically to the GCC box and the
DRE/CRT element (Zhang et al., 2009a; Zhang et al., 2009b). Transgenic tobacco ectopically
expressing GmERF057 can increase salt tolerance whereas GmERF3, GmERF4 and GmERF089
can confer both salt and drought tolerances (Zhang et al., 2008b; Zhang et al., 2009a; Zhang
et al., 2009b). Surprisingly, GmERF3 and GmERF4 impose opposite effect on the expression
of biotic and abiotic stress responsive genes (PR1, PR2, PR4, osmotin and SAR8.2) in
transgenic tobacco, suggesting that they may function in different branches of osmotic stress
signalling cascade (Zhang et al., 2009a; Zhang et al., 2009b).
bZIP
Expression of ABRE/ABF regulon is regulated by basic leucine zipper (bZIP) transcription
factors in plants (Liao et al., 2008a; Liao et al., 2008c). Nearly 150 bZIP transcription factors
have been annotated from the soybean genome (Mochida et al., 2009), in which nearly one
third of them are induced under ABA, salt, drought, and/or cold stresses (Aoki et al., 2005;
Liao et al., 2008a; Liao et al., 2008c). SGBF-1 and SGBF-2 are two bZIP homologues cloned
from soybean (Hong et al., 1995) that are induced by cold and ABA, and SGBF-1 has been
shown to interact with a C2H2-type zinc finger protein, SCOF-1 (Kim et al., 2001b); and yet
there is no evidence showing the direct involvement of these two proteins in osmotic stress
response. Expression of SCOF-1 is induced by ABA and low temperature but neither by
high salinity nor dehydration (Kim et al., 2001b). Ectopic expression of SCOF-1 in tobacco
improves tolerance toward chilling. While SCOF-1 itself has no DNA binding ability, it
interacts with SGBF-1 and enhances the binding ability of the transcriptional factor SGBF-1
to the cis-element ABRE found in the promoter of some cold responsive genes (Kim et al.,
2001a; Kim et al., 2001b).
Other studies were performed to elucidate the functions of five bZIP transcription factors in
relation to osmotic responses, including GmbZIP44, GmbZIP46, GmbZIP62, GmbZIP78 and
GmbZIP132 (Liao et al., 2008a; Liao et al., 2008c). Except GmbZIP132, the other four bZIP
transcription factors can bind to the GCN4-like motif (GLM: GTGAGTCAT), ABRE
(CCACGTGG), and PB-like element (TGAAAA). On the other hand, GmbZIP132 can only
loosely associate with GLM. GmbZIP46 can form homodimers or heterodimers with
GmbZIP62 or GmMYB76. Ectopic expression of GmbZIP44, GmbZIP62, or GmbZIP78 in A.
thaliana will result in reduction of ABA sensitivity and salt/ freezing tolerance, implicating
their roles in ABA-dependent, salt and cold stress responses (Liao et al., 2008c). GmbZIP132
is induced by salt and drought stresses. Transgenic A. thaliana expressing GmbZIP132
becomes less ABA sensitive and more tolerance to salt in germination stage, but not in
seedling stage. Abiotic stress-related genes, such as rd29B, DREB2A, and P5CS, are upregulated in these transgenic A. thaliana plants suggesting that GmbZIP132 probably
participated in ABA-dependent, salt and drought stress responses (Liao et al., 2008a).
NAC
NAC is an acronym referring to petunia no apical meristerm (NAM), Arabidopsis ATAF1,
ATAF2 and CUC2 (cup-shaped cotyledon) (Aida et al., 1997; Olsen et al., 2005a). It is a
group of plant specific transcription factors involved in various biological functions (Olsen
et al., 2005b). Overexpression of NACs in A. thaliana or rice can confer drought tolerance
(Tran et al., 2004; Hu et al., 2006; Gao et al., 2010). More than 100 NAC genes have been
found in the soybean genome (Mochida et al., 2009; Pinheiro et al., 2009), in which the
expression of 31 NAC genes under drought treatment has been studied (Tran et al., 2009).
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Nine of them (GmNAC002, 003, 004, 010, 012, 013, 015, 020, 028) show inducibility under
drought (Tran et al., 2009), but exhibit diverse responses toward salt, cold, and ABA
treatments. This indicates their non-redundant roles in osmotic stress responses (Tran et al.,
2009). Although several members of GmNACs are responsive to osmotic stresses (Pinheiro et
al., 2009; Tran et al., 2009), their physiological roles are still largely unknown.
MYB
About 800 MYB-type transcription factor genes have been predicted in the soybean genome
(Wang et al., 2010b). Among 156 soybean genes encoding GmMYBs, 43 of them respond to
salt, drought, cold and/or ABA treatments (Liao et al., 2008b). GmMYB76, GmMYB92, and
GmMYB177 were studied in more detail (Liao et al., 2008b). Using the yeast system, it has been
shown that GmMYB76 and GmMYB92 are capable to form homodimers and exhibit
transactivation activity, while GmMYB177 forms heterodimers with GmMYB76 and lacks
transactivation activity. GmMYB76, GmMYB92, and GmMYB177 can bind to cis-MYB binding
sites but with different affinities (Liao et al., 2008b). Ectopic expression of any one of the three
genes in A. thaliana can enhance growth under salt stress; whereas only GmMYB177 can
significantly improve cold stress tolerance in the host plants (Liao et al., 2008b). Some ABA- or
abiotic stress-responsive genes are commonly regulated by GmMYB76, GmMYB92, and
GmMYB177 while some exhibit differential responses, suggesting that they are involved in
common and specific pathways in osmotic stress responses (Liao et al., 2008b).
GT factors
Trihelix transcription factors, also known as GT factors, are signified with the highly
conserved helix-loop-helix-loop-helix (trihelix) protein structure. The soybean genome
contains 13 putative members (Tian et al., 2004). GT-2 type factors contain twin trihelix
DNA binding domains (Ni et al., 1996), with the N-terminal one preferentially binding to
GT3-bx and the C-terminal one to GT2-bx (Kuhn et al., 1993). Two soybean genes (GmGT-2A
and GmGT-2B) encoding the homologues of the GT-2 factor were identified. They are
induced under ABA, NaCl, cold, and drought treatments (Xie et al., 2009) (Table 1). GmGT2A and GmGT-2B proteins are localized in nucleus (Xie et al., 2009). GmGT-2B, but not
GmGT-2A exhibits transactivation activities in yeast and Arabidopsis protoplast (Xie et al.,
2009). Ectopic expression of GmGT-2A and GmGT-2B in A. thaliana confers tolerance to salt,
freezing, and drought stresses (Table 1); and leads to the induction of downstream stress
tolerance-related genes such as the MYB genes, LTP3, LTP4, PAD3, UGT71B6, DREB2A STZ,
AZF1, and RHL41/Zat12 (Xie et al., 2009).
PHD finger containing proteins
PHD finger containing proteins are a group of transcription factors that was first identified in
A. thaliana (Schindler et al., 1993). Six GmPHD genes (GmPHD1 to 6) were found in soybean.
They are nuclear proteins and can bind to the cis-element ‘GTGGAG’ via an N-terminal
domain. They express differentially under NaCl, drought, ABA, and cold treatments. The
expression pattern is also distinct in stress tolerant versus sensitive soybean varieties (Table 1)
(Wei et al., 2009). GmPHD1 to 5 are likely transcription repressors, as shown by a study using
the LUC reporter gene in an Arabidopsis protoplast system (Wei et al., 2009). GmPHD6 can
form homodimers or heterodimers with other GmPHDs except GmPHD2.
Ectopic expression of GmPHD2 in A. thaliana confers salt and oxidative stress tolerance. This
can also repress the expression of genes encoding negative regulators of stress tolerance
(such as CBF2/DREB1C, STRS1, STRS2, and At1g73660) and induces the expression of genes
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encoding putative ROS scavenging enzymes (Wei et al., 2009). Consensus sequences were
identified in the promoter regions of the target genes: ‘GTGG(A6/T7/G2/C2)G’ for downregulated genes and ‘GTGG(A3/T1/G2/C3)G’ or ‘G(A1/G1/C4)GGTG’ for up-regulated
genes (Wei et al., 2009).
GmPHDs (except GmPHD1) respond differently in stress-tolerant germplasm JD23 versus
stress-sensitive germplasm HBZ (Table 2; (Wei et al., 2009). Their differential expression
suggests that they may be potential modulators determining tolerance in different soybean
germplasms. More in-depth studies are required to test this hypothesis.
WRKY
WRKY transcription factors are signified by the WRKY DNA binding domain (Rushton et
al., 2010) which binds to the W box (TTGACC/T) in the promoters of their target genes.
WRKY transcription factors participate in various biological functions and have been
extensively reviewed (Rushton et al., 2010). Nearly 200 WRKY transcription factors are
predicted from the soybean genome (Mochida et al., 2009; Wang et al., 2010b). Differential
gene expressions toward salt, drought, or cold are exhibited by 25 (out of 64 tested) soybean
WRKYs (Zhou et al., 2008). Among those, seven GmWRKY genes are responsive to all three
treatments while 14 are responsive to both salt and drought stresses (Zhou et al., 2008). Five
(out of 9 tested) GmWRKY proteins show transactiviation activities in yeast (Zhou et al.,
2008).
Ectopic expression of different GmWRKY in A. thaliana will lead to different effects:
GmWRKY13 increases sensitivity toward salt and mannitol stresses, upregulates ABI1 and
ARF6, and results in an increase of lateral roots; GmWRKY21 confers cold tolerance;
GmWRKY54 enhances salt and drought tolerance, possibly through the regulation of
DREB2A and STZ/Zat10. These GmWRKYs may therefore play differential roles in osmotic
stress tolerance (Zhou et al., 2008).
General and stress-specific components
Based on the expression studies summarized in Table 1, we noticed that the transcription
factors are differentially responsive to ABA, drought, salt, and cold stresses. Those respond
to osmotic stress are probably common components involved in cold, drought, and salt
stress responses, while those respond differentially may be components specific to a
particular stress (Table 2 & Table 3).

6. Other modes of gene expression regulations of stress signals in soybean
The ubiquitin 26S proteasome pathway
The ubiquitin-dependent protein degradation pathway involves the orderly action of
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase
(E3). The pathway is related to various physiological processes and responses, ranging from
floral development, senescence, pathogen defence, to abiotic stress responses (reviewed in
(Zhou et al., 2010). Ubiquitin ligases are likely negative regulators in the osmotic stress
response in higher plants, since loss-of-function Arabidopsis mutants are more droughttolerant while overexpressors are hypersensitive to drought stress (Cho et al., 2008). In
another study (Qin et al., 2008), it was found that two RING (Really Interesting New Gene)
ubiquitin ligases can cause ubiquitination of a drought stress-related transcription factor
DREB2A (Qin et al., 2008).
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Table 1. Characterized osmotic stresses related transcription factors in soybean a,b
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f +/-: Differential expression among salt/drought tolerant and sensitive soybean varieties
a
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Osmotic stress
GmDREBa
GmDREB2
GmERF061
GmERF079
GmERF098
GmbZIP132
GmNAC003
GmNAC004
GmGT-2A
GmGT-2B
GmPHD2
GmPHD3
GmPHD4
GmPHD5
GmPHD6

ABA responsive
Salt & drought
GmDREBc
GmERF3
GmERF039
GmERF056
GmERF057
GmERF089
GmbZIP44
GmPHD1

Salt & cold stress
GmERF081

Table 2. Soybean transcription factors that are responsive to ABA.

Osmotic stress
GmDREBb
GmERF4
GmERF069
GmNAC002
GmNAC010
GmNAC013
GmNAC015
GmNAC028

Salt only
GmbZIP78
GmMYB76

ABA irresponsive
Salt
Cold only
& drought
GmDREB3 GmbZIP46
GmbZIP62
GmNAC012
GmMYB177

Salt
& cold
GmMYB92

Drought
& cold
GmNAC020

Table 3. Soybean transcription factors that are irresponsive to ABA.
A novel RING ubiquitin ligase gene (GmRFP1) was identified from soybean (Du et al., 2009).
GmRFP1 is up-regulated by ABA and salt stress, but down-regulated by drought and cold
stress. The role of the ubiquitin-conjugating enzyme E2 (encoded by GmUBC2 that was
identified from a salt-induced cDNA library) in soybean has been studied in more details
(Zhou et al., 2010). GmUBC2 is an ubiquitin-conjugating enzyme homologous to the yeast
RAD6. Ectopic expression of GmUBC2 confers tolerance to salt and drought stresses with
the transgenic Arabidopsis plants, which exhibit higher superoxide dismutase (SOD)
activity as well as proline and Na+ content, when challenged with NaCl (Zhou et al., 2010)
Post-transcriptional regulation by micro RNAs (miRNAs)
miRNAs are short non-coding RNAs (18-24 nt) that inhibit gene expression through
promoting mRNAs degradation or interfering translation after perfect or near perfect
complementarily binding to their target mRNAs (Zhang et al., 2005). The diversity,

www.intechopen.com

229

Molecular Responses to Osmotic Stresses in Soybean

biogenesis, identification, and function of plant miRNAs were summarized previously
(Yang et al., 2006; Zhang et al., 2006; Dong et al., 2008). The miRNAs are widespread in plant
species. In a large-scale in silico survey, 338 potential miRNAs were identified in 60 plant
species (Zhang et al., 2005). About one quarter of the EST contigs containing these potential
miRNAs are stress-induced. Among the stress-induced EST, 22% are associated with water
stress, 6% with cold stress, 3% with salt stress, 3% with oxidative stress, and 5% with
hormone treatment (ABA, SA or JA) (Zhang et al., 2005). Such a high portion of osmotic
stress-associated miRNAs implies their important roles in osmotic stress responses.
Up-to-date, there is no publication focused on the searching and functional study of soybean
miRNAs that tackle osmotic stresses. Nevertheless, soybean miRNAs searches have
identified some potential candidates (Zhang et al., 2005; Zhang et al., 2008a; Chen et al.,
2009b) (Table 4).
miRNA

Predicted Target

References

gso-miR3

alcohol dehydrogenase-like protein

Chen et al., 2009b

GmMiR319m-o

--

Zhang et al., 2005

miR-159

glutathione S-transferase

Zhang et al., 2008a

miR-398

superoxide dismutase

Zhang et al., 2008a

miR-414

cytochrome C reductase

Zhang et al., 2008a

Table 4. Potential soybean miRNAs that may participate in osmotic stress responses.

7. A hypothetical model
To put the available information discussed above in perspective, we constructed a
hypothetical model to position known molecular components in osmotic stress responses
from soybean (Fig 2).
Cold, drought, and salt are perceived by multiple, unknown sensors that are located in cell
wall or on plasma membrane. Upon perception, stress specific Ca2+ signature may be
triggered. GmSCA1, a salt responsive plasma membrane-localized Ca2+-ATPase (Chung et
al., 2000), may play roles in shaping the Ca2+ signatures.
SPK1 and/or SPK2 are activated by upstream osmosensors. They will phosphorylate Ssh1p
and reduce its binding affinity toward the plasma membrane, potentially redirecting its
PtdIns 3-kinase and PtdIns 4-kinase-stimulating activities to a different subcellular location;
and subsequently, result in the alternation of phosphoinositide metabolism. Such alternation
may affect the stress responses by affecting Ca2+ signature or acting on cellular transcription
events.
GmSTL and GmCaMs are candidates of Ca2+ sensors to decode and transmit signals to
transcription responses via the phosphorylation cascade or by acting on the transcription
factors directly. Several kinases, including GmAAPK, GsCBRLK, GmGSK, GmWNK1, and
GmSTY1 are putative components that may participate in the phosphorylation cascade.
Different subsets of stress responsive genes are controlled by various transcription factors,
such as GmDREBs, GmERFs, GmbZIPs, GmNACs, GmMYBs, GmGTs, GmPHDs, and
GmWRKYs. In response to a particular stress signal, the activated transcription factors will
bind to the corresponding cis elements on the promoters to turn on/off the target genes and
eventually lead to enhanced tolerance.
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Cold
CW

?

unknown

?

Ssh1p

Drought

?
?

receptors

Salt

?
?

GmSCA1

PM
P

Ssh1p

SPK1/2
(activated)

Ca2+ signatures

Alternation of
phosphoinositide
metabolism

Ca2+ sensors
GmSTL

ABA-dependent
kinases

GmCaM-2 GmCaM-4

GmAAPK

Phosphorylation cascade

ABA-independent
kinases
GmSTY1

GsCBRLK
GmGSK
GmWNK1

Nucleus

cold
GmDREBs

GmERFs

GmbZIPs
GmMYBs

GmNACs

GmGT-2A/B

GmPHDs

GmWRKYs

Effector genes
cis elements

Transcription
factors
drought

salt

Tolerance
phenotype

Fig. 2. Hypothetic model to position known molecular components involved in osmotic
stress responses in soybean. Dotted line: hypothetical connection between components;
Solid line: connection proven by experiments; CW: cell wall; PM: plasma membrane;
GmSCA1: a plasma membrane-localized Ca2+-ATPase of soybean; SPK1/4: soybean
serine/threonine protein kinase 1 and 4; Ssh1p: soybean PITP1; GmSTL: soybean
calcineurin-like protein; GmCaM-2: soybean calmodulin isoform 2; GmCaM-4: soybean
calmodulin isoform 4; GmAAPK: a putative serine/threonine protein kinase in soybean;
GsCBRLK: soybean calmodulin-binding receptor-like kinase; GmGSK: a novel glycogen
synthase kinase-3 in soybean; GmWNK1: soybean WNK (With No Lysine) protein kinase;
GmSTY1: a putative serine/threonine protein in soybean; GmDREBs, GmERFs, GmbZIPs,
GmNACs, GmMYBs, GmGT-2A/B, GmPHDs, and GmWRKYs: osmotic stress responsive
transcription factors in soybean. Details refer to text.

8. Future perspectives
Despite the rapid accumulating scientific reports in the past decade, the understanding of
osmotic stress responses in soybean is still quite preliminary. Most results are just
correlation studies that try to link the expression patterns of candidate genes to their
responses toward osmotic stresses. Gain-of-function test in the model plant A. thaliana
becomes an important tool for function tests. The progress of this research area is hindered
by the absence of a systematic mutant collection and the inefficiency of soybean
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transformation system. Functional proofs of candidate genes in the native system remain to
be a difficult task.
On the other hand, there are a large collection of soybean germplasms which constitutes a
natural mutant library. Wild soybean accessions (Glycine soja) often carry unique stress
tolerance mechanisms that may provide novel ways to elevate tolerance capability. Various
genetic populations (by artificial crossing) have been constructed and can be used to map
functional genes. In the past, the application of these genetic materials was restricted by the
lack of high-density physical markers in the soybean genome. Recently, the chromosomescale draft sequence of a reference soybean genome has been released (Schmutz et al., 2010).
Based on the information on full length cDNAs, ESTs, annotated domains, introns and
transposons, 46,430 high-confidence protein-coding loci were identified (Schmutz et al.,
2010). In addition, de novo sequencing of a wild soybean genome and re-sequencing of
soybean germplasms have been finished (Lam et al., 2010 and unpublished data). A
combined use of the genomic data, germplasms resources, and unique genetic populations
will open up new ways to identify functional genes related to osmotic stress tolerance.
The low efficiency of soybean transformation (by Agrobacterium-mediated or biolistics
approaches (Olhoft et al., 2007; Rech et al., 2008) remains a major obstacle in functional tests,
despite the vast success in the production of transgenic soybean globally. There is a urgent
need for the soybean researchers to optimize the transformation system or to explore
alternatives, including the use of the soybean hairy root transformation system (Cao et al.,
2009), the ovary-drip transformation system (Liu et al., 2009a), and the transformation
systems of other legumes such as alfalfa (Zhang et al.) and Lotus japonicus (Aoki et al., 2002;
Lombari et al., 2003).

9. Acknowledgements
This work was supported by the Hong Kong RGC General Research Fund 468409 and the
Hong Kong UGC AoE Plant & Agricultural Biotechnology Project AoE-B-07/09 (to H.-M.L.).

10. References
Abe H., Yamaguchi-Shinozaki K., Urao T., Iwasaki T., Hosokawa D., Shinozaki K. (1997)
Role of Arabidopsis MYC and MYB homologs in drought- and abscisic acidregulated gene expression. The Plant Cell 9: 1859-1868
Agarwal P. K., Agarwal P., Reddy M. K., Sopory S. K. (2006) Role of DREB transcription
factors in abiotic and biotic stress tolerance in plants. Plant Cell Reports 25: 12631274
Agarwal P. K., Jha B. (2010) Transcription factors in plants and ABA dependent and
independent abiotic stress signalling. Biologia Plantarum 54: 201-212
Aida M., Ishida T., Fukaki H., Fujisawa H., Tasaka M. (1997) Genes involved in organ
separation in Arabidopsis: an analysis of the cup-shaped cotyledon mutant. The
Plant Cell 9: 841-857
An P., Inanaga S., Shimizu H., El-Sidding K., Li X. J., Zheng Y. R., Hibino T., Morita S.,
Sugimoto Y. (2004) Ameliorating effect of calcium on primary root elongation of
soybean under sodium stress. Biologia 59: 129-135

www.intechopen.com

232

Soybean - Molecular Aspects of Breeding

Aoki A., Kanegami A., Mihara M., Kojima T., Shiraiwa M., Takahara H. (2005) Molecular
cloning and characterization of a novel soybean gene encoding a leucine-zipperlike protein induced to salt stress. Gene 356: 135-145
Aoki T., Kamizawa A., Ayabe S. (2002) Efficient Agrobacterium-mediated transformation of
Lotus japonicus with reliable antibiotic selection. Plant Cell Reports 21: 238-243
Balestrasse K. B., Zilli C. G., Tomaro M. L. (2008) Signal transduction pathways and haem
oxygenase induction in soybean leaves subjected to salt stress. Redox Report 13: 255262
Barnett M., Long S. R. (1990) Nucleotide sequence of an alfalfa calmodulin cDNA. Nucleic
Acids Research 18: 3395
Bhatnagar-Mathur P., Vadez V., Sharma K. K. (2008) Transgenic approaches for abiotic
stress tolerance in plants: retrospect and prospects. Plant Cell Reports 27: 411-424
Cao D., Hou W., Song S., Sun H., Wu C., Gao Y., Han T. (2009) Assessment of conditions
affecting Agrobacterium rhizogenes-mediated transformation of soybean. Plant Cell,
Tissue and Organ Culture 96: 45-52
Chavez L., Gonzalez L. M. (2009) Moleculars mechanisms in plant salt tolerance. IteaInformacion Tecnica Economica Agraria 105: 231-256
Chen M., Wang Q. Y., Cheng X. G., Xu Z. S., Li L. C., Ye X. G., Xia L. Q., Ma Y. Z. (2007)
GmDREB2, a soybean DRE-binding transcription factor, conferred drought and
high-salt tolerance in transgenic plants. Biochemical and Biophysical Research
Communications 353: 299-305
Chen M., Xu Z. S., Xia L. Q., Li L. C., Cheng X. G., Dong J. H., Wang Q. Y., Ma Y. Z. (2009a)
Cold-induced modulation and functional analyses of the DRE-binding
transcription factor gene, GmDREB3, in soybean (Glycine max L.). Journal of
Experimental Botany 60: 121-135
Chen R., Hu Z., Zhang H. (2009b) Identification of microRNAs in wild soybean (Glycine
soja). Journal of Integrative Plant Biology 51: 1071-1079
Chen Y. Y., Chen P. Y., de los Reyes B. G. (2006) Differential responses of the cultivated and
wild species of soybean to dehydration stress. Crop Science 46: 2041-2046
Chinnusamy V., Zhu J., Zhu J. K. (2006) Gene regulation during cold acclimation in plants.
Physiologia Plantarum 126: 52-61
Cho S. K., Ryu M. Y., Song C., Kwak J. M., Kim W. T. (2008) Arabidopsis PUB22 and PUB23
are homologous U-Box E3 ubiquitin ligases that play combinatory roles in response
to dorught stress. The Plant Cell 20: 1899-1914
Chung W. S., Lee S. H., Kim J. C. l., Heo W. D., Kim M. C., Park C. Y., Park H. C., Lim C. O.,
Kim W. B., Harper J. F., Cho M. J. (2000) Identification of a calmodulin-regulated
soybean Ca2+-ATPase (SCA1) that is located in the plasma membrane. The Plant Cell
12: 1393-1408
Clement M., Boncompagni E., de Aleida-Engler J., Herouart D. (2006) Isolation of a novel
nodulin: a molecular marker of osmotic stress in Glycine max/Bradyrhizobium
japonicum nodule. Plant, Cell and Environment 29: 1841-1852
Clement M., Lambert A., Herouart D., Boncompagni E. (2008) Identification of new upregulated genes under drought stress in soybean nodules. Gene 426: 15-22
Desikan R., Mackarness S., Hancock J. T., Neill S. J. (2001) Regulation of the Arabidopsis
transcriptome by oxidative stress. Plant Physiology 127: 159-172

www.intechopen.com

Molecular Responses to Osmotic Stresses in Soybean

233

Dodd A. N., Kudla J., Sanders D. (2010) The language of calcium signaling. Annual Review of
Plant Biology 61: 593-620
Dong Z., Han M. H., Fedoroff N. (2008) The RNA-binding proteins HYL1 and SE promote
accurate in vitro processing of pri-miRNA by DCL1. Proceedings of the National
Academy of Sciences of the United States of America 105: 9970-9975
Du Q. L., Cui W. Z., Zhang C. H., Yu D. Y. (2009) GmRFP1 encodes a previously unknown
RING-type E3 ubiquitin ligase in Soybean (Glycine max). Molecular Biology Reports
37: 685-693
El Ouakfaoui S., Schnell J., Abdeen A., Colville A., Labbé H., Han S., Baum B., Laberge S.,
Miki B. (2010) Control of somatic embryogenesis and embryo development by AP2
transcription factors. Plant Molecular Biology: 1-14
Gao F., Xiong A. S., Peng R. H., Jin X. F., Xu J., Zhu B., Chen J. M., Yao Q. H. (2010)
OsNAC52, a rice NAC transcription factor, potentially responds to ABA and confers
drought tolerance in transgenic plants. Plant Cell Tissue and Organ Culture 100: 255262
Gao S. Q., Xu H. J., Cheng X. G., Chen M., Xu Z. S., Li L. C., Ye X. G., Du L. P., Hao X. Y., Ma
Y. Z. (2005) Improvement of wheat drought and salt tolerance by expression of a
stress-inducible transcription factor GmDREB of soybean (Glycine max). Chinese
Science Bulletin 50: 2714-2723
Goddard H., Manison N. F. H., Tomos D., Brownlee C. (2000) Elemental propagation of
calcium signals in response-specific patterns determined by environmental
stimulus strength. Proceedings of the National Academy of Sciences of the United States
of America 97: 1932-1937
Guenther J. F., Chanmanivone N., Galetovic M. P., Wallace I. S., Cobb J. A., Roberts D. M.
(2003) Phosphorylation of soybean nodulin 26 on serine 262 enhances water
permeability and is regulated developmentally and by osmotic signals. The Plant
Cell 15: 981-991
Gupta R., Luan S. (2003) Redox control of protein tyrosine phosphatases and mitogenactivated protein kinases in plants. Plant Physiology 132: 1149-1152
Heidarvand L., Amiri R. M. (2010) What happens in plant molecular responses to cold
stress? Acta Physiologiae Plantarum 32: 419-431
Hong J. C., Cheong Y. H., Nagao R. T., Bahk J. D., Key J. L., Cho M. J. (1995) Isolation of 2
soybean G-box binding-factors which interact with a G-box sequence of an auxinresponsive gene. The Plant Journal 8: 199-211
Hu H. H., Dai M. Q., Yao J. L., Xiao B. Z., Li X. H., Zhang Q. F., Xiong L. Z. (2006)
Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances
drought resistance and salt tolerance in rice. Proceedings of the National Academy of
Sciences of the United States of America 103: 12987-12992
Huang Y., Li H., Gupta R., Morris P. C., Luan S., Kieber J. J. (2000) ATMPK4, an Arabidopsis
homolog of mitogen-activated protein kinase, is activated in vitro by AtMEK1
through threonine phosphorylation. Plant Physiology 122: 1301-1310
Humphrey T. V., Bonetta D. T., Goring D. R. (2007) Sentinels at the wall: cell wall receptors
and sensors. New Phytologist 176: 7-21
Ichimura K., Mizoguchi T., Irie K., Morris P., Giraudat J., Matsumoto K., Shinozaki K. (1998)
Isolation of ATMEKK1 (a MAP kinase kinase Kinase) - Interacting proteins and

www.intechopen.com

234

Soybean - Molecular Aspects of Breeding

analysis of a MAP kinase cascade in Arabidopsis. Biochemical and Biophysical Research
Communications 253: 532-543
Ichimura K., Mizoguchi T., Yoshida R., Yuasa T., Shinozaki K. (2000) Various abiotic stresses
vapidly activate Arabidopsis MAP kinases ATMPK4 and ATMPK6. Plant Journal
24: 655-665
Ichimura K., Shinozaki K., Tena G., Sheen J., Henry Y., Champion A., Kreis M., Zhang S.,
Hirt H., Wilson C., Heberle-Bors E., Ellis B. E., Morris P. C., Innes R. W., Ecker J. R.,
Scheel D., Klessig D. F., Machida Y., Mundy J., Ohashi Y., Walker J. C. (2002)
Mitogen-activated protein kinase cascades in plants: a new nomenclature. Trends in
Plant Science 7: 301-308
Jin T. C., Chang Q., Li W. F., Yin D. X., Li Z. J., Wang D. L., Liu B., Liu L. X. (2010) Stressinducible expression of GmDREB1 conferred salt tolerance in transgenic alfalfa.
Plant Cell, Tissue and Organ Culture 100: 219-227
Jonak C., Okresz L., Bogre L., Hirt H. (2002) Complexity, cross talk and integration of plant
MAP kinase signalling. Current Opinion in Plant Biology 5: 415-424
Kacperska A. (2004) Sensor types in signal transduction pathways in plant cells responding
to abiotic stressors: do they depend on stress intensity? Physiologia Plantarum 122:
159-168
Kearns B. G., McGee T. P., Mayinger P., Gedvilaite A., Phillips S. E., Kagiwada S., Bankaitis
V. A. (1997) An essential role for diacylglycerol in protein transport from the yeast
Golgi complex. Nature 387: 101-105
Kearns M. A., Monks D. E., Fang M., Rivas M. P., Courtney P. D., Chen J., Prestwich G. D.,
Theibert A. B., Dewey R. E., Bankaitis V. A. (1998) Novel developmentally
regulated phosphoinositide binding proteins from soybean whose expression
bypasses the requirement for an essential phosphatidylinositol transfer protein in
yeast. The EMBO Journal 17: 4004-4017
Kim D. H., Villeneuve L. M., Morris K. V., Rossi J. J. (2006) Argonaute-1 directs siRNAmediated transcriptional gene silencing in human cells. Nature Structural &
Molecular Biology 13: 793-797
Kim J. C., Jeon J. C., Park H. C., Yoo J. H., Koo Y. D., Yoon H. W., Koo S. C., Lee S. H., Bahk J.
D., Cho M. J. (2001a) Cold accumulation of SCOF-1 transcripts is associated with
transcriptional activation and mRNA stability. Molecules and Cells 12: 204-208
Kim J. C., Lee S. H., Cheong Y. H., Yoo C. M., Lee S. I., Chun H. J., Yun D. J., Hong J. C., Lee
S. Y., Lim C. O., Cho M. J. (2001b) A novel cold-inducible zinc finger protein from
soybean, SCOF-1, enhances cold tolerance in transgenic plants. The Plant Journal 25:
247-259
Kim K., Chung E., Cho C., Soh H., Lee S., Lee Y., Chung Y., Kim J., Kang S., Lee J. (2009)
Molecular characterization of soybean ribosomal protein S13 targeted to the
nucleus. Russian Journal of Plant Physiology 56: 402-409
Kuhn R. M., Caspar T., Dehesh K., Quail P. H. (1993) DNA binding factor GT-2 from
Arabidopsis. Plant Molecular Biology 23: 337-348
Kushwaha R., Singh A., Chattopadhyay S. (2008) Calmodulin7 plays an important role as
transcriptional regulator in Arabidopsis seedling development. The Plant Cell 20:
1747-1759
Lam H.M., Xu X., Liu X., Chen W., Yang G., Wong F.L., Li M.W., He W., Qin N., Wang B., Li
J., Jian M., Wang J., Shao G., Wang J., Sun S.S.M., Zhang G. (2010) Resequencing of

www.intechopen.com

Molecular Responses to Osmotic Stresses in Soybean

235

31 wild and cultivated soybean genomes identifies patterns of genetic diversity and
selection. Nature Genetics. 42:1053-1059
Lee S., Hirt H., Lee Y. (2001) Phosphatidic acid activates a wound-activated MAPK in
Glycine max. The Plant Journal 26: 479-486
Lee S. H., Kim J. C., Lee M. S., Heo W. D., Seo H. Y., Yoon H. W., Hong J. C., Lee S. Y., Bahk
J. D., Hwang I., Cho M. J. (1995) Identification of a novel divergent calmodulin
isoform from soybean which has differential ability to activate calmodulindependent enzymes. Journal of Biological Chemistry 270: 21806-21812
Li D. Y., Inoue H., Takahashi M., Kojima T., Shiraiwa M., Takahara H. (2008) Molecular
characterization of a novel salt-inducible gene for an OSBP (oxysterol-binding
protein)-homologue from soybean. Gene 407: 12-20
Li F., Zhang L., Wang G., Cao Y., Wang J., Tang K. (2006) Cloning and characterization of a
salt-tolerance related gene from Glycine max. Molecular Plant Breeding 4: 464-468
Li X. P., Tian A. G., Luo G. Z., Gong Z. Z., Zhang J. S., Chen S. Y. (2005) Soybean DREbinding transcription factors that are responsive to abiotic stresses. Theoretical and
Applied Genetics 110: 1355-1362
Liao Y., Zhang J. S., Chen S. Y., Zhang W. K. (2008a) Role of soybean GmbZIP132 under
abscisic acid and salt stresses. Journal of Integrative Plant Biology 50: 221-230
Liao Y., Zou H. F., Wang H. W., Zhang W. K., Ma B., Zhang J. S., Chen S. Y. (2008b) Soybean
GmMYB76, GmMYB92, and GmMYB177 genes confer stress tolerance in transgenic
Arabidopsis plants. Cell Research 18: 1047-1060
Liao Y., Zou H. F., Wei W., Hao Y. J., Tian A. G., Huang J., Liu Y. F., Zhang J. S., Chen S. Y.
(2008c) Soybean GmbZIP44, GmbZIP62 and GmbZIP78 genes function as negative
regulator of ABA signaling and confer salt and freezing tolerance in transgenic
Arabidopsis. Planta 228: 225-240
Ling V., Zielinski R. E. (1989) Cloning of cDNA sequences encoding the calcium-binding
protein, calmodulin, from barley (Hordeum vulgare L.). Plant Physiology 90: 714-719
Lippuner V., Cyert M. S., Gasser C. S. (1996) Two classes of plant cDNA clones differentially
complement yeast calcineurin mutants and increase salt tolerance of wild-type
yeast. Journal of Biological Chemistry 271: 12859-12868
Liu M., Yang J., Cheng Y. Q., An L. J. (2009a) Optimization of soybean (Glycine max (L.)
Merrill) in planta ovary transformation using a linear minimal gus gene cassette.
Journal of Zhejiang University-Science B 10: 870-876
Liu P., Wei W., Ouyang S., Zhang J. S., Chen S. Y., Zhang W. K. (2009b) Analysis of
expressed receptor-like kinases (RLKs) in soybean. Journal of Genetics and Genomics
36: 611-619
Lombari P., Ercolano E., El Alaoui H., Chiurazzi M. (2003) A new transformationregeneration procedure in the model legume Lotus japonicus: root explants as a
source of large numbers of cells susceptible to Agrobacterium-mediated
transformation. Plant Cell Reports 21: 771-777
Ludwig A. A., Romeis T., Jones J. D. G. (2004) CDPK-mediated signalling pathways:
specificity and cross-talk. Journal of Experimental Botany 55: 181-188
Luo G. Z., Wang Y. J., Xie Z. M., Gai J. Y., Zhang J. S., Chen S. Y. (2006) The putative Ser/Thr
protein kinase gene GmAAPK from soybean is regulated by abiotic stress. Journal of
Integrative Plant Biology 48: 327-333

www.intechopen.com

236

Soybean - Molecular Aspects of Breeding

Ma Y. Y., Zhang L. W., Li P. L., Gan R., Li X. P., Zhang R., Wang Y., Wang N. N. (2006)
Cloning and preliminary characterization of three receptor-like kinase genes in
soybean. Journal of Integrative Plant Biology 48: 1338-1347
Mahajan S., Tuteja N. (2005) Cold, salinity and drought stresses: an overview. Archives of
Biochemistry and Biophysics 444: 139-158
Mazarei M., Elling A. A., Maier T. R., Puthoff D. P., Baum T. J. (2007) GmEREBP1 is a
transcription factor activating defense genes in soybean and Arabidopsis. Molecular
Plant-Microbe Interactions 20: 107-119
McAinsh M. R., Pittman J. K. (2009) Shaping the calcium signature. New Phytologist 181: 275294
McCormack E., Braam J. (2003) Calmodulins and related potential calcium sensors of
Arabidopsis. New Phytologist 159: 585-598
Mochida K., Yoshida T., Sakurai T., Yamaguchi-Shinozaki K., Shinozaki K., Tran L. S. P.
(2009) In silico analysis of transcription factor repertoire and prediction of stress
responsive transcription factors in soybean. DNA Research 16: 353-369
Monks D. E., Aghoram K., Courtney P. D., DeWald D. B., Dewey R. E. (2001) Hyperosmotic
stress induces the rapid phosphorylation of a soybean phosphatidylinositol transfer
protein homolog through activation of the protein kinases SPK1 and SPK2. The
Plant Cell 13: 1205-1219
Moran J. F., Becana M., Iturbe-Ormaetxe I., Frechhilla S., Klucas R. V., Aparicio-Tejo P.
(1994) Drought induces oxidative stress in pea plants. Planta 194: 346-352
Munnik T., Vermeer J. E. M. (2010) Osmotic stress-induced phosphoinositide and inositol
phosphate signalling in plants. Plant, Cell and Environment 33: 655-669
Nagaoka S., Takano T. (2003) Salt tolerance-related protein STO binds to a Myb transcription
factor homologue and confers salt tolerance in Arabidopsis. Journal of Experimental
Botany 54: 2231-2237
Nakagami H., Pitzschke A., Hirt H. (2005) Emerging MAP kinase pathways in plant stress
signalling. Trends in Plant Science 10: 339-346
Nakashima K., Yamaguchi-Shinozaki K. (2006) Regulons involved in osmotic stressresponsive and cold stress-responsive gene expression in plants. Physiologia
Plantarum 126: 62-71
Navazio L., Moscatiello R., Bellincampi D., Baldan B., Meggio F., Brini M., Bowler C.,
Mariani P. (2002) The role of calcium in oligogalacturonide-activated signalling in
soybean cells. Planta 215: 596-605
Neill S. J., Desikan R., Hancock J. T. (2002) Hydrogen peroxide signaling. Current Opinion in
Plant Biology 5: 388-395
Ng C. K. Y., McAinsh M. R. (2003) Encoding specificity in plant calcium signalling: Hotspotting the ups and downs and waves. Annals of Botany 92: 477-485
Ni M., Dehesh K., Tepperman J. M., Quail P. H. (1996) GT-2: In vivo transcriptional
activation activity and definition of novel twin DNA binding domains with
reciprocal target sequence selectivity. The Plant Cell 8: 1041-1059
Olhoft P. M., Bernal L. M., Grist L. B., Hill D. S., Mankin S. L., Shen Y. W., Kalogerakis M.,
Wiley H., Toren E., Song H. S., Hillebrand H., Jones T. (2007) A novel
Agrobacterium rhizogenes-mediated transformation method of soybean [Glycine
max (L.) Merrill] using primary-node explants from seedlings. In Vitro Cellular &
Developmental Biology-Plant 43: 536-549

www.intechopen.com

Molecular Responses to Osmotic Stresses in Soybean

237

Olsen A. N., Ernst H. A., Lo Leggio L., Skriver K. (2005a) DNA-binding specificity and
molecular functions of NAC transcription factors. Plant Science 169: 785-797
Olsen A. N., Ernst H. A., Lo Leggio L., Skriver K. (2005b) NAC transcription factors:
structurally distinct, functionally diverse. Trends in Plant Science 10: 79-87
Park H. C., Kim M. L., Kang Y. H., Jeon J. M., Yoo J. H., Kim M. C., Park C. Y., Jeong J. C.,
Moon B. C., Lee J. H., Yoon H. W., Lee S.-H., Chung W. S., Lim C. O., Lee S. Y.,
Hong J. C., Cho M. J. (2004) Pathogen- and NaCl-induced expression of the SCaM-4
promoter is mediated in part by a GT-1 box that interacts with a GT-1-like
transcription factor. Plant Physiology 135: 2150-2161
Park H. C., Kim M. L., Kang Y. H., Jeong J. C., Cheong M. S., Choi W., Lee S. Y., Cho M. J.,
Kim M. C., Chung W. S., Yun D.-J. (2009) Functional analysis of the stress-inducible
soybean calmodulin isoform-4 (GmCaM-4) promoter in transgenic tobacco plants.
Molecular Cells 27: 475-480
Phang T. H., Shao G. H., Lam H. M. (2008) Salt tolerance in soybean. Journal of Integrative
Plant Biology 50: 1196-1212
Pinheiro G. L., Marques C. S., Costa M. D., Reis P. A. B., Alves M. S., Carvalho C. M., Fietto
L. G., Fontes E. P. B. (2009) Complete inventory of soybean NAC transcription
factors: sequence conservation and expression analysis uncover their distinct roles
in stress response. Gene 444: 10-23
Qin F., Sakuma Y., Phan Tran L. S., Maruyama K., Kidokoro S., Fujita Y., Fujita M.,
Umezawa T., Sawano Y., Miyazono K. I., Tanokura M., Shinozaki K., YamaguchiShinozaki K. (2008) Arabidopsis DREB2A-interacting proteins function as RING E3
ligases and negatively regulate plant drought stress-responsive gene expression.
The Plant Cell 20: 1693-1707
Raitt D. C., Posas F., Saito H. (2000) Yeast Cdc42 GTPase and Ste20 PAK-like kinase regulate
Sho1-dependent activation of the Hog1 MAPK pathway. EMBO Journal 19: 46234631
Rech E. L., Vianna G. R., Aragao F. J. L. (2008) High-efficiency transformation by biolistics of
soybean, common bean and cotton transgenic plants. Nature Protocols 3: 410-418
Reiser V., Raitt D. C., Saito H. (2003) Yeast osmosensor Sln1 and plant cytokinin receptor
Cre1 respond to changes in turgor pressure. Journal of Cell Biology 161: 1035-1040
Richardson C., Alessi D. R. (2008) The regulation of salt transport and blood pressure by the
WNK-SPK/OSR1 signalling pathway. Journal of Cell Science 121: 3293-3304
Rushton P. J., Somssich I. E., Ringler P., Shen Q. X. J. (2010) WRKY transcription factors.
Trends in Plant Science 15: 247-258
Saibo N. J. M., Lourenco T., Oliveira M. M. (2009) Transcription factors and regulation of
photosynthetic and related metabolism under environmental stresses. Annals of
Botany 103: 609-623
Sakuma Y., Liu Q., Dubouzet J. G., Abe H., Shinozaki K., Yamaguchi-Shinozaki K. (2002)
DNA-binding specificity of the ERF/AP2 domain of Arabidopsis DREBs,
transcription factors involved in dehydration- and cold-inducible gene expression.
Biochemical and Biophysical Research Communications 290: 998-1009
Schindler U., Beckmann H., Cashmore A. R. (1993) HAT3.1, a novel Arabidopsis
homeodomain protein containing a conserved cysteine-rich region. The Plant
Journal 4: 137-150

www.intechopen.com

238

Soybean - Molecular Aspects of Breeding

Schmutz J., Cannon S. B., Schlueter J., Ma J. X., Mitros T., Nelson W., Hyten D. L., Song Q. J.,
Thelen J. J., Cheng J. L., Xu D., Hellsten U., May G. D., Yu Y., Sakurai T., Umezawa
T., Bhattacharyya M. K., Sandhu D., Valliyodan B., Lindquist E., Peto M., Grant D.,
Shu S. Q., Goodstein D., Barry K., Futrell-Griggs M., Abernathy B., Du J. C., Tian Z.
X., Zhu L. C., Gill N., Joshi T., Libault M., Sethuraman A., Zhang X. C., Shinozaki
K., Nguyen H. T., Wing R. A., Cregan P., Specht J., Grimwood J., Rokhsar D., Stacey
G., Shoemaker R. C., Jackson S. A. (2010) Genome sequence of the palaeopolyploid
soybean. Nature 463: 178-183
Schweighofer A., Kazanaviciute V., Scheikl E., Teige M., Doczi R., Hirt H., Schwanninger M.,
Kant M., Schuurink R., Mauch F., Buchala A., Cardinale F., Meskiene I. (2007) The
PP2C-type phosphatase AP2C1, which negatively regulates MPK4 and MPK6,
modulates innate immunity, jasmonic acid, and ethylene levels in Arabidopsis. The
Plant Cell 19: 2213-2224
Singh K. B., Foley R. C., Onate-Sanchez L. (2002) Transcription factors in plant defense and
stress responses. Current Opinion in Plant Biology 5: 430-436
Solanke A., Sharma A. (2008) Signal transduction during cold stress in plants. Physiology and
Molecular Biology of Plants 14: 69-79
Teige M., Scheikl E., Eulgem T., Doczi F., Ichimura K., Shinozaki K., Dangl J. L., Hirt H.
(2004) The MKK2 pathway mediates cold and salt stress signaling in Arabidopsis.
Molecular Cell 15: 141-152
Tian A. G., Wang J., Cui P., Han Y. J., Xu H., Cong L. J., Huang X. G., Wang X. L., Jiao Y. Z.,
Wang B. J., Wang Y. J., Zhang J. S., Chen S. Y. (2004) Characterization of soybean
genomic features by analysis of its expressed sequence tags. Theoretical and Applied
Genetics 108: 903-913
Tran L. S. P., Nakashima K., Sakuma Y., Simpson S. D., Fujita Y., Maruyama K., Fujita M.,
Seki M., Shinozaki K., Yamaguchi-Shinozaki K. (2004) Isolation and functional
analysis of Arabidopsis stress-inducible NAC transcription factors that bind to a
drought-responsive cis-element in the early responsive to dehydration stress 1
promoter. The Plant Cell 16: 2481-2498
Tran L. S. P., Nakashima K., Shinozaki K., Yamaguchi-Shinozaki K. (2007) Plant gene
networks in osmotic stress response: from genes to regulatory networks. In D
Häussinger, H Sies, eds, Methods in Enzymology, Vol 428. Academic Press, pp 109128
Tran L. S. P., Quach T. N., Guttikonda S. K., Aldrich D. L., Kumar R., Neelakandan A.,
Valliyodan B., Nguyen H. T. (2009) Molecular characterization of stress-inducible
GmNAC genes in soybean. Molecular Genetics and Genomics 281: 647-664
Tuteja N. (2007) Mechanisms of high salinity tolerance in plants. In D Häussinger, H Sies,
eds, Methods in Enzymology, Vol 428. Academic Press, pp 419-438
Wang C. M., Wang H. W., Zhang J. S., Chen S. Y. (2008) A seed-specific AP2-domain
transcription factor from soybean plays a certain role in regulation of seed
germination. Science in China Series C-Life Sciences 51: 336-345
Wang Y., Suo H., Zheng Y., Liu K., Zhuang C., Kahle K. T., Ma H., Yan X. (2010a) The
soybean root-specific protein kinase GmWNK1 regulates stress-responsive ABA
signaling on the root system architecture. The Plant Journal 64: 230-242

www.intechopen.com

Molecular Responses to Osmotic Stresses in Soybean

239

Wang Z., Libault M., Joshi T., Valliyodan B., Nguyen H. T., Xu D., Stacey G., Cheng J. L.
(2010b) SoyDB: a knowledge database of soybean transcription factors. BMC Plant
Biology 10:14
Wei W., Huang J., Hao Y. J., Zou H. F., Wang H. W., Zhao J. Y., Liu X. Y., Zhang W. K., Ma
B., Zhang J. S., Chen S. Y. (2009) Soybean GmPHD-type transcription regulators
improve stress tolerance in transgenic Arabidopsis plants. PLoS One 4: e7209
Wirtz K. W. A. (1991) Phospholipid transfer proteins. Annual Review of Biochemistry 60: 73-99
Xie Z. M., Zou H. F., Lei G., Wei W., Zhou Q. Y., Niu C. F., Liao Y., Tian A. G., Ma B., Zhang
W. K., Zhang J. S., Chen S. Y. (2009) Soybean Trihelix transcription factors GmGT2A and GmGT-2B improve plant tolerance to abiotic stresses in transgenic
Arabidopsis. PLoS One 4: e6898
Xiong L., Lee B., Ishitani M., Lee H., Zhang C., Zhu J. K. (2001) FIERY1 encoding an inositol
polyphosphate 1-phosphatase is a negative regulator of abscisic acid and stress
signaling in Arabidopsis. Genes & Development 15: 1971-1984
Xiong L., Zhu J. K. (2002) Molecular and genetic aspects of plant responses to osmotic stress.
Plant, Cell & Environment 25: 131-139
Xu Z. S., Ma Y. Z., Cheng X. G., Cao L. X., Li L. C., Chen M. (2006) Isolation and
characterization of GmSTY1, a novel gene encoding a dual-specificity protein
kinase in soybean (Glycine max L.). Journal of Integrative Plant Biology 48: 857-866
Yamamoto E., Karakaya H. C., Knap H. T. (2000) Molecular characterization of two soybean
homologs of Arabidopsis thaliana CLAVATA1 from the wild type and fasciation
mutant. Biochimica et Biophysica Acta (BBA) - Gene Structure and Expression 1491: 333340
Yamamoto E., Knap H. T. (2001) Soybean receptor-like protein kinase genes: paralogous
divergence of a gene family. Molecular Biology and Evolution 18: 1522-1531
Yang L., Ji W., Zhu Y., Gao P., Li Y., Cai H., Bai X., Guo D. (2010) GsCBRLK, a
calcium/calmodulin-binding receptor-like kinase, is a positive regulator of plant
tolerance to salt and ABA stress. Journal of Experimental Botany 61: 2519-2533
Yang L., Liu Z. Q., Lu F., Dong A. W., Huang H. (2006) SERRATE is a novel nuclear
regulator in primary microRNA processing in Arabidopsis. The Plant Journal 47:
841-850
Yoo J. H., Park C. Y., Kim J. C., Heo W. D., Cheong M. S., Park H. C., Kim M. C., Moon B. C.,
Choi M. S., Kang Y. H., Lee J. H., Kim H. S., Lee S. M., Yoon H. W., Lim C. O., Yun
D. J., Lee S. Y., Chung W. S., Cho M. J. (2005) Direct interaction of a divergent CaM
isoform and the transcription factor, MYB2, enhances salt tolerance in Arabidopsis.
Journal of Biological Chemistry 280: 3697-3706
Zhang B. H., Pan X. P., Cobb G. P., Anderson T. A. (2006) Plant microRNA: a small
regulatory molecule with big impact. Developmental Biology 289: 3-16
Zhang B. H., Pan X. P., Stellwag E. J. (2008a) Identification of soybean microRNAs and their
targets. Planta 229: 161-182
Zhang B. H., Pan X. P., Wang Q. L., Cobb G. P., Anderson T. A. (2005) Identification and
characterization of new plant microRNAs using EST analysis. Cell Research 15: 336360
Zhang C., Zhao H., Liu Y., Li Q., Liu X., Tan H., Yuan C., Dong Y. (2010a) Isolation and
characterization of a novel glycogen synthase kinase-3 gene, GmGSK, in Glycine max

www.intechopen.com

240

Soybean - Molecular Aspects of Breeding

L. that enhances abiotic stress tolerance in Saccharomyces cerevisiae. Biotechnology
Letter 32: 861-866
Zhang G. Y., Chen M., Chen X. P., Xu Z. S., Guan S., Li L. C., Li A. L., Guo J. M., Mao L., Ma
Y. Z. (2008b) Phylogeny, gene structures, and expression patterns of the ERF gene
family in soybean (Glycine max L.). Journal of Experimental Botany 59: 4095-4107
Zhang G. Y., Chen M., Chen X. P., Xu Z. S., Li L. C., Guo J. M., Ma Y. Z. (2009a) Isolation and
characterization of a novel EAR-motif-containing gene GmERF4 from soybean
(Glycine max L.). Molecular Biology Reports 37: 809-818
Zhang G. Y., Chen M., Li L. C., Xu Z. S., Chen X. P., Guo J. M., Ma Y. Z. (2009b)
Overexpression of the soybean GmERF3 gene, an AP2/ERF type transcription
factor for increased tolerances to salt, drought, and diseases in transgenic tobacco.
Journal of Experimental Botany 60: 3781-3796
Zhang H., Huang Q. M., Su J. (2010b) Development of alfalfa (Medicago sativa L.)
regeneration system and Agrobacterium-mediated genetic transformation.
Agricultural Sciences in China 9: 170-178
Zhou G. A., Chang R. Z., Qiu L. J. (2010) Overexpression of soybean ubiquitin-conjugating
enzyme gene GmUBC2 confers enhanced drought and salt tolerance through
modulating abiotic stress-responsive gene expression in Arabidopsis. Plant Molecular
Biology 72: 357-367
Zhou Q. Y., Tian A. G., Zou H. F., Xie Z. M., Lei G., Huang J., Wang C. M., Wang H. W.,
Zhang J. S., Chen S. Y. (2008) Soybean WRKY-type transcription factor genes,
GmWRKY13, GmWRKY21, and GmWRKY54, confer differential tolerance to abiotic
stresses in transgenic Arabidopsis plants. Plant Biotechnology Journal 6: 486-503
Zhu J. K. (2001) Cell signaling under salt, water and cold stresses. Current Opinion in Plant
Biology 4: 401-406
Zhu J. K. (2002) Salt and drought stress signal transduction in plants. Annual Review of Plant
Biology 53: 247-273
Zhuang J., Peng R. H., Cheng Z. M., Zhang J., Cai B., Zhang Z., Gao F., Zhu B., Fu X. Y., Jin
X. F., Chen J. M., Qiao Y. S., Xiong A. S., Yao Q. H. (2009) Genome-wide analysis of
the putative AP2/ERF family genes in Vitis vinifera. Scientia Horticulturae 123: 73-81
Zilli C. G., Santa-Cruz D. M., Yannarelli G. G., Noriega G. O., Tomaro M. L., Balestrasse K.
B. (2009) Heme oxygenase contributes to alleviate salinity damage in Glycine max L.
leaves. International Journal of Cell Biology 2009: 848516

www.intechopen.com

Soybean - Molecular Aspects of Breeding
Edited by Dr. Aleksandra Sudaric

ISBN 978-953-307-240-1
Hard cover, 514 pages
Publisher InTech
Published online 11, April, 2011
Published in print edition April, 2011
The book Soybean: Molecular Aspects of Breeding focuses on recent progress in our understanding of the
genetics and molecular biology of soybean and provides a broad review of the subject, from genome diversity
to transformation and integration of desired genes using current technologies. This book is divided into four
parts (Molecular Biology and Biotechnology, Breeding for Abiotic Stress, Breeding for Biotic Stress, Recent
Technology) and contains 22 chapters.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Tsui-Hung Phang, Man-Wah Li, Chun-Chiu Cheng, Fuk-Ling Wong, Ching Chan and Hon-Ming Lam (2011).
Molecular Responses to Osmotic Stresses in Soybean, Soybean - Molecular Aspects of Breeding, Dr.
Aleksandra Sudaric (Ed.), ISBN: 978-953-307-240-1, InTech, Available from:
http://www.intechopen.com/books/soybean-molecular-aspects-of-breeding/molecular-responses-to-osmoticstresses-in-soybean

InTech Europe

InTech China

University Campus STeP Ri
Slavka Krautzeka 83/A
51000 Rijeka, Croatia
Phone: +385 (51) 770 447
Fax: +385 (51) 686 166
www.intechopen.com

Unit 405, Office Block, Hotel Equatorial Shanghai
No.65, Yan An Road (West), Shanghai, 200040, China
Phone: +86-21-62489820
Fax: +86-21-62489821

© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercialShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.

