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In a survey of candidate genes located in the salinity tolerance locus of soybean, we

identified a putative glutathione-S-transferase (GST) gene (GmGSTL1) which was

up-regulated in response to salt treatment. Phylogenetic analyses revealed that this

putative GST belongs to the Lambda class, a plant-specific group with unknown

functions. We expressed GmGSTLL1 in heterologous systems, including tobacco BY-2

cells and Arabidopsis thaliana, to test its ability to protect cell/plant against salinity

stress. Compare to the wild type control, we observed a marked reduction of ROS

accumulation in transgenic cells under salt treatment, and their survival rate was also

improved. Similarly, expression of GmGSTL1 in transgenic A. thaliana also alleviated

stress symptoms under salt treatment. To further address the possible protective

mechanisms of GmGSTL1, we identified two candidate flavonoid interactants

(quercetin and kaemferol) of the GmGSTL1 protein from soybean leaf extract.

Exogenous application of quercetin could reduce salinity-induced ROS accumulation

in BY-2 cells and leaf chlorosis in A. thaliana.
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Chapter 1 Introduction
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1.2

Salinity stress

Salinity is among the most detrimental abiotic stress that constantly persists in

nature and significantly impairs crop yield. Over 800 million hectare of land is

considered salt affected, accounting for 20% irrigated land worldwide [1, 2].

Natural salinity could be resulted from rainwater, release of soluble salt from

parental rocks and accumulation overtime in arid zones [3, 4]. Soluble salts

consisted of chlorides, sulfates and carbonates of sodium, calcium and

magnesium, while sodium chloride was the most abundant and soluble

compound [4], contributing to a major part for the formation of saline land. Soil

salinity, defined by electron conductivity (ECe), an equivalence of

approximately 40 mM NaCl, will be classified as saline land. Besides naturally

occurring saline land, secondary salinity was also resulted from land clearing

and excessive irrigation [4].

Diversity of salinity stress tolerance in plant species

Due to the natural occurrence of salinity and widespread of salt by rainwater,

plant evolved various mechanisms to regulate and develop adaptive advantages.

Halophytes are group of plants able to survive extreme salinity, for up to 450



mM NacCl [5], while rice [6] and Arabidopsis thaliana [7] are salt sensitive, and

their growth will be hindered under 100 mM NaCl [4]. Wheat, barley [8] and

legume plant [9] are moderately tolerant and variation in degree of tolerance

also exists within these species [4].

Although plants possess intrinsic mechanism to elicit response and adapt to

stressful environment, some get the ability lost during domestication and human

selection [10]. Soybean germplasms display various degree of tolerance to

salinity stress [11]. The salt tolerance capacity could also deviate between

geological locations [11], underlying specific variance in development or

response pathways. It is, therefore, important to understand the cascade

mechanism and identify salt tolerant genes involved, so as to enhance plant

survival on marginal lands.

Much effort has been devoted into the study of osmotic and ionic component of

salinity stress, from stress sensor, signal transduction to regulator and effecter

gene expression [4, 12-14]. However, a consolidated molecular mechanism for

control of ion accumulation and osmotic stress tolerance, and the sensor for

salinity stress still remained to be established. Early genetic studies attempted to



locate major QTL for stress tolerance, however, most of the outcome suffered
from low marker resolution, and hence, too many gene candidates in the target

region for functional analysis [15].

1.3 Salinity stress determinants
Plant adaptation to salinity stress involved complex regulation of overlapping
pathways. Earlier studies emphasized on hormone regulation, signal
transduction and physiological consequences [16, 17]; while recent studies
focused on functional genetics and downstream biochemical reactions [18-21].
Overall, major salinity stress determinants could be generally categorized into

the following sections.

1.3.1 lon homeostasis
In hyper-saline environment, perturbation of ion homeostasis in plant was not
only confined to Na* and CI', but also ions with similar chemical property
and hence affinity to transporter proteins, such as K*. Despite the fact that K*
serves as essential enzymes cofactors, while Na* does not, plants do not
evolve transport system that completely exclude Na'. Many plasma

membrane ion channels exhibit dual affinity to both Na* and K* [22-24]. The



single genetic locus, SOS3, encoding a signal transduction intermediate, was
found to modulate the affinity of K* uptake [25, 26]. Transport proteins are
usually energy-dependent transmembrane proteins which mediate ion
influx/efflux by the utility of ATP, including H” translocating ATPase,
pyrophosphatase, Ca’*-ATPase, secondary transporters and ion channels [22,
27-29]. While transport determinants mediating ion homeostasis in plant
resemble that in yeast [30], the identification of structure and/or function of
candidate transport proteins were frequently performed by the functional

complementation of transport-deficient yeast mutant [31, 32].

Vacuolar compartmentation is the second line of defense to maintain
cytosolic ion homeostasis when external salt concentration exceeds the
exclusion capacity of plasma membrane ion transporters. In this scenario, Na*
and CI” will be transported into the vacuole of the plant cells, mediated by
another group of energy-dependent ion transporters. The NHX1 in yeast and
the plant NHE-like protein belongs to this group of endomembrane Na‘'/H"

anti-porter [28, 33-35].

Hyper-salinity also resulted in the accumulation of cytosolic Ca®*. Such



1.3.2

response was considered adaptive, because external supplementation of Ca®*
reduced NaCl toxicity by increasing K*/Na® selectivity [26, 36]. High
external salinity also induced Ca** uptake from the apoplast and Ca’* release
from intracellular compartment [37, 38]. The resulting increase in cytosolic
Ca?* in turn induce further stress sensing signature leading to adaptation [12,

37, 39].

Osmolyte biosynthesis

One universal response to external change in osmotic pressure is the synthesis
and accumulation of “compatible solutes”, a collective term for hydrophilic
sugars, or their derivatives, which adjust internal osmotic potential and
regulate water influx. The osmolytes are usually products or intermediates of
various metabolic processes, including sucrose, fructose, inositols, trehalose,
etc.,, and their accumulation will not inhibit normal metabolic reactions
[40-42]. The osmolytes are typically hydrophilic and can replace hydration
water molecules on protein surface and hence stabilize and protect protein
molecules or protein complexes [43, 44]. Some are believed to serve as

low-molecular-weight chaperones and hence function as “osmoprotectants”

[4]



1.3.3

However, beyond the biophysical characteristic of “osmoprotectants”,

biochemical and molecular analyses lead to discrepancy in the role of

metabolite for osmotic stress tolerance. One typical example for osmotic

stress induced metabolic pathway is proline synthesis [43]. In plant, osmolyte

biosynthesis is associated with induced expression of the associated enzyme

for the synthesis of the osmolyte, following stress [45-47]. But in sos1 mutant

of A. thaliana, proline accumulated 2-fold higher than in wild type plant

under salt stress, but the mutant was not salt tolerant [26, 48]. Therefore, it

had been postulated that the function of *“osmoprotectant” itself might be

limited, but the activation of the specific metabolic pathway that was critical

leading to stress tolerant [49-51]. And there might be more than one function

for osmolyte accumulation, for example scavenging of reactive oxygen

species [52-54].

Free radical scavenging

Photosynthetic organisms and aerobic life depends on molecular oxygen [55]

and hence inevitably encounters reactive oxygen species (ROS) as a

by-product of metabolic processes. The major sites of cellular compartment
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for ROS accumulation are chloroplast, mitochondria and peroxisomes [56,
57]. Under normal circumstances, ROS accumulation is well balanced by
scavenging mechanisms [58]. But under abiotic and/or biotic stresses,
over-production of ROS could lead to toxicity and damage to cytosolic
protein, lipid and DNA. Anti-oxidative defense could be generally classified
into enzymatic and non-enzymatic mechanisms and will be further elaborated

in section 1.4.

Water transport

Water mobility under stress was modulated by membrane protein, aquaporins
(AQP) [59, 60]. In maize, salinity reduced water permeability in root cortex
for about 5-fold [61]. The reduction of osmotic water permeability could be
accounted by the controlled opening of water channels, or the change in
number of the water channels itself. Regulation of AQP amount and activity
is obviously critical for water transport under stress. In spinach, low water
potential was found to associate with reduced phosphorylation of AQP

through a membrane bound Ca?* dependent protein kinase [45, 62].

Transducer of long distance response



1.3.6

Long distance signal transduction and coordination between different tissues
would be vital for plant survival under abiotic stress. Communication along
the plant body could be achieved by classical growth regulators, such as ABA,
auxin, ethylene, and cytokinin [63-68], as well as crosstalk regulators of
source-sink relationships [69-71]. Tropism, the growth or turning movement
of plant in response to environmental stimuli, was conveyed by auxin
transport and cytokinin conjugate to inositols [72, 73]. Mutant in ABI1 altered
ABA-perception in A. thaliana and reduced P5CS expression and hence
proline accumulation [74]. Likewise, root Na’ uptake elicit metabolic
connection in the leaf, such as changes in photosynthetic capacity and

movement of glutathione and its conjugates into the apoplast [75-78].

Transcription factors

Transcription factors plays important role in modulating gene expression
under a range of environment stresses. Genome-wide transcriptome studies
identified hundreds of genes candidates encoding transcription factors that are
differentially expressed in response to stresses [79]. Using genetic and
molecular approaches, different classes of transcription factors were shown to

be involved in protection mechanisms in plant, including the WRKY family



[80], MYB family [81], ABF and bZIP family [82], NAC transcription factors

[83], AREB/ABF [84], C2H2-type zinc finger transcription factors [85],

DREBs [86] and etc.

The regulatory function mediated by transcription factors consisted of

complex and overlapping cascades. The same transcription factor could be

induced by multiple stimuli and the induction of a single transcription factor

could modulate multiple downstream signaling pathways. Cross-talk between

different transcription factors further complicated stress responsive gene

network [80, 87-90]. Schematic visualization was usually represented by

Venn diagrams [90]. For instance, the WRKY transcription factor, one of the

largest family of transcription regulators in plant, plays important role in

abiotic stress tolerance via a number of other important protein families,

including MAP kinase, MAP kinase kinases, 14-3-3 proteins and calmodulin

[80]. Over-expression of WRKY family members were shown to confer

abiotic and/or biotic stress tolerance in rice [91, 92], A. thaliana [93, 94] and

soybean [95]. Another example is the CBF3/DREB1,which response rapidly

to low temperature [96]. The circadian clock pathway, on the other hand, was

also regulated by CBF3/DREB1a, linking the possible interaction between



the two pathways [79].

1.4 Reactive oxygen species and Glutathione-S-transferases

Reactive oxygen species (ROS) are highly reactive and toxic chemicals which

causes damage to cytosolic protein, lipid, carbohydrate and DNA. Various

abiotic stresses could lead to overproduction of ROS, predominately in the

chloroplast and mitochondria [97, 98]. Under normal situation, plants possess

intrinsic mechanisms to maintain ROS homeostasis by enzymatic and

nonenzymatic means [98]. The glutathione (GSH) redox cycle, mediated by

glutathione-S- transferase (GST) and Mn-dependent superoxide dismutase

(MnSOD) is crucial for peroxide scavenging [97]. For instance, ROS itself lacks

specificity. Localized stress resulted production of ROS need to be perceived by

specific receiver for specific downstream signaling, selectively regulated gene

expression, and subsequent scavenger/ transporter delivery to the right

compartment.

1.4.1 Reactive oxygen species

Reactive oxygen species (ROS), including superoxide radicals, hydroxyl

radicals, alkoxy radicals, hydrogen peroxide and singlet oxygen, are

10



1.4.2

continuously produced in “energy factories” [99]. In plant, the chloroplast

photosystem | & 11 and the mitochondria complex | & 111 of electron transport

chain are prime sites for the generation of ROS [19, 97]. Abiotic stresses,

such as salt, drought, heavy metals could lead to the over-production of ROS

and lead to oxidative damage to membrane protein, lipid, DNA and other

cytosolic components [98]. Leaf chlorosis, which is the first convenient

visible indicator of senescence-associated programmed cell death, is a

well-known consequence of ROS accumulation [100]. The up-regulation of

antioxidant genes and enhanced antioxidative enzyme activity, such as GST,

in various organisms dictate an evolutionarily conserved response to

oxidative stress [101].

Enzymatic and non-enzymatic ROS scavenging mechanisms

Enzymatic ROS scavenging mechanisms involved superoxide dismutase,

catalase, ascorbate peroxidase, glutathione reductase, glutathione-S

-transferase, glutathione peroxidase, dehydroascorbate reductase and etc [98].

Reports showed that over-expression of these enzymes and the associated

increase in enzyme activity conferred abiotic stress tolerance in various plant

models, including tobacco [102, 103], rice [104-106], A. thaliana [107-109]

11



1.4.3

and wheat [110, 111].

Non-enzymetic ROS scavenging was mediated by low-molecular-weight

antioxidants including GSH, ascorbate, tocopherols, proline, betaine and

others [19, 112]. In addition to scavenging of ROS, they also play important

roles as enzyme cofactors, induction of acclimation processes and execution

of programmed cell death [19]. GSH tri-peptide present in essentially all cell

compartments [113] in reduced form [58]. The ratio of reduced GSH to

GSSH, its oxidized form, is critical for plant perception to cellular oxidative

stress [114, 115] and hence downstream signaling pathways to restore redox

balance [112]. Under abiotic stresses, total GSH content was increased in

sunflower seedling [116], tomato [117], wheat [118], and groundnut cell lines

[119]. GSH also plays important role in the regeneration of ascorbate in the

ascorbate-GSH cycle [19].

Glutathione-S-transferases

Glutathione-S-transferases (GSTs) are ancient and highly diverse gene family

essential for enzymatic detoxification, cell signaling and other cellular

processes in microbes, animals and plants [98, 101, 120]. They are dimmeric

12
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soluble proteins with common transferase activity which catalyze the

nucleophilic attack by reduced glutathione to electrophilic center, such as

1-chloro-2,4-dinitrobenzene (CDNB); as well as the peroxidase activity

towards hydroperoxide [121]. GSTs protect cellular integrity by metabolizing

carcinogens, insecticides, herbicides, by-products of oxidative stress, and

hence are of great interest to toxicologists [122-124]. In plant, animals and

microbes, exposure to oxidative damage lead to the up-regulation of GSTs,

indicating the evolutionarily conserved defense strategy of GSTs against

oxidative stress [125-127].

Classification of Glutathione-S-transferase

GSTs are classified into multi-gene families which are structurally distinct

and have separate evolutionary origin [120]. In A. thaliana, there are so far 54

GSTs documented [99]. Previously, classification of plant GSTs were based

on common structure and function: type I GSTs were with 3 exons and

encode herbicide detoxification activity; type 1l were with 10 exons; type Il

GSTs were with 2 exons and were auxin responsive [128]. However, with

increasing discovery of new members in various plant models, this

nomenclature became inappropriate. Therefore, classification system based

13



on animal GSTs were extended to plant [121]. Fig. 1.3 summarized

phylogenetic relationship of GSTs.
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Fig. 1.3 Phylogenetic relationship of GST classes. The Tau (U) and Phi (F)
class GST are plant-specific and most well studied. GSTF is auxin responsive
and participate in pro-anthocyanidin transportation pathway. GSTU function
as xenobiotics conjugating and scavenging. The Theta (T) and Zeta (Z) class
share close homologs with the mammalian system. The Lambda (L) class is

plant specific and the function is largely unknown.
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1.45 GST function

The Phi (F) and Tau (U) classes GST are believed to be plant-specific [121],

with the former being auxin responsive [129] and participating in

pro-anthocyanidin transportation pathway [130]; while the latter is well

known for the xenobiotics conjugating property [129]. The Theta (T) and

Zeta (Z) classes share close homologs with the mammalian system and are

involved in hydroperoxide reduction and tyrosine catabolism respectively

[131, 132]. Despite structural and functional heterogeneity, the fundamental

catalytic property is to catalyze nucleophilic substitution or addition of

reduced glutathione (GSH) on electrophilic center of various non-polar

compounds [101]. There were reports showing that over-expression of

enzymes with general GST activity improved abiotic stress resistance in

various plant models [133-135]. However, unlike GSTU catalyzed GSH

conjugation of exogenous xenobiotics, there were little evidence for

GST/GSH conjugation to secondary metabolites [99], and hence, the

endogenous function of GST individual subfamily in relation to stress

tolerance mechanism remained obscure.

1.5 Survey of candidate salt tolerant genes
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1.6

Previous QTL analysis for salinity tolerant locus identified RFLP marker,

Sat 091 and Satt237, associated with tolerance phenotype in breeding

descendants [136]. Similar result was also obtained in early SSR marker

analysis in our lab (Unpublished data). Therefore, a gene cluster close to

Sat_091 was selected for initial screening in this study. Based on expression

analysis and preliminary gain-of-function test in transgenic cells, one gene

candidate, Glyma03g33340, was selected for in depth characterization.

Hypothesis and objectives of the study

Initial screening result showed that Glyma03g33340 was induced in soybean

and over-expression of the gene in tobacco BY-2 cells significantly increased

cell survival rate under salinity stress. Phylogenetic analysis showed that

Glyma03g33340 encode a putative glutathione-S-transferase gene which belong

to the plant-specific class Lambda. The function of this class of GST is largely

unknown. Therefore, we hypothesized that GmGSTL1 might play a role in

enhancing salt tolerance in plant. To further address the molecular mechanism

for the gene function, we aimed:

(1) To confirm the putative function of the gene candidate in relation to ROS

scavenging, which is the common property of GSTs;
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(2) To address the function by measuring the conventional GSH dependent GST

activity; and

(3) To identify other putative function by resolving potential molecular

interactants.
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Chapter 2 Materials and Methods
2.1 General chemicals and materials
2.1.1 Vectors and plasmids
The initial screening process consisted of 21 gene candidates, denoted by salt00, salt01, ..., salt21. The exact gene loci were not revealed

as other experiments were still in progress. The target gene, which forms the focus of this report, was saltO0 (Phytozome locus

Glyma03g33340) which was later renamed as GmGSTLL1 in the publication.

Table 2.1 Vectors and plasmids used in the study

Vectors/ plasmids  Insert locus Purpose Source

V7 n/a Binary vector for plant transformation  Lab stock

V7-salt00 Salt0O0/GmGSTL1 For transgenic over-expressors Constructed in this study
V7-salt02 Salt02 For transgenic over-expressors Constructed in this study



V7-salt03
\/7-salt05
V7-saltl3
pPET

pPET-GMGST

Salt03

Salt05

Saltl3

n/a

GmGSTL1

For transgenic over-expressors
For transgenic over-expressors
For transgenic over-expressors
Recombinant protein expression vector

Expression of His-tagged GmGSTL1

Constructed in this study
Constructed in this study
Constructed in this study
Lab stock

Constructed in this study




2.1.2 Bacterial strains

Table 2.2 Bacterial strains used in the study

Bacterial strains Selection media Purpose Source
E. coli DH5a LB + 50 mg/L kanamycin  General cloning and plasmid Lab stock

or 100 mg/L ampicillin amplification
E. coli DE3 LB + 100 mg/L ampicillin  Recombinant protein expression 7Lab stock |
— YEP+ 50 mg/L kanamy C m _Transformétio.n v (_:e”S_ Lab Sto Ck S
LBA4404 +50 mg/L rifampicin

+25 mg/L streptomycin

A.tumefaciens  YEP + 50 mg/L kanamycin Transformation of A. thaliana  Labstock

GVv3101 +50 mg/L rifampicin

+25 mg/L gentamycin




2.1.3 Primers

Table 2.3 Primers used in the study

Primers Sequences Purpose
HMOL7721 GGGGATCCATGGCAACTCCGAGTGTGTTA Cloning of Salt00
HMOL7722 GGCTCGAGTTAAGCCAAAAACTTTTTCTTGAAA

HMOL7435 AAAAGCTTATGGCAGCAATAATGTTGAC Cloning of Salt02
HMOL7436 AAGGATCCCTACAGCCCAAGTTTAGATA

HMOL7437 AATCTAGAATGGGTTGGATTCCCTGTTC Cloning of Salt03
HMOL7438 AACTCGAGTCATATCCCCCTCCTGGTTC

HMOL7441 AATCTAGAATGGCGGCCATAACCCGCC Cloning of Salt05

HMOL7442

AACTCGAGTTATGCTGCAGCAGATTGCTTC



HMOL7455

HMOL7456

HMOL7435

HMOL7436

HMOL7441

HMOL7442

HMOL7445

HMOL7446

HMOL7455

HMOL7456

HMOL7461

AATCTAGAATGGCCGACGGTCCGGCTAG

AACTCGAGCTACTCCGGGCCTTGCATTG

AAAAGCTTATGGCAGCAATAATGTTGAC

AAGGATCCCTACAGCCCAAGTTTAGATA

AATCTAGAATGGCGGCCATAACCCGCC

AACTCGAGTTATGCTGCAGCAGATTGCTTC

AATCTAGAATGCAAATGGATATTGTTTATAC

AACTCGAGTCACTTGATTGGTGCAAGAATG

AATCTAGAATGGCCGACGGTCCGGCTAG

AACTCGAGCTACTCCGGGCCTTGCATTG

AATCTAGAATGGGGAAGACACATGGAATG

Cloning of Salt13

Northern Blot Probe, Salt02

Northern Blot Probe, Salt05

Northern Blot Probe, Salt07

Northern Blot Probe, Salt13

Northern Blot Probe, Salt16



HMOL7462

HMOL7463

HMOL7464

HMOL7467

HMOL7468

HMOL7469

HMOL7470

HMOL8062

HMOL8063

HMOL7845

HMOL7846

AACTCGAGTTAAGACCTAGGCTTCTCCTTC

AATCTAGAATGGAAGAAGCCTTTTGCTGG

AACTCGAGTTAAGACCTAGGCTTCTCCTTC

AAAAGCTTATGGGGAGGAAGGGGAATTG

AACTCGAGTCAACTGTCCACACCCTTGTC

AAAAGCTTATGGGCTCACTAGAAAGATC

AACTCGAGCTTTCCCCTTTGCCTTGGAC

GCCCTCCTGCTTTAACTTCC

TGTGCAAAAGGGCACAGATA

CCCCAGGAAAGTTGAAAAGGA

TTGCCAACTCACGGAACGCA

Northern Blot Probe, Saltl17

Northern Blot Probe, Salt19

Northern Blot Probe, Salt20

gPCR, Salt00

gPCR, Salt03



HMOLB8095

HMOLB8096

HMOL7873

HMOL7874

HMOL2976

HMOL2977

HMOL7829

HMOL7830

HMOL6911

HMOL6912

HMOLB8055

TCAGAAGTCATGCCCAGAAGT

TTTTTGGATGCCTTTTGTGG

CCGAAAGATAGAAGTCCAAAGGTT

TGAGATTCCAATTCCTGGACCT

CTCAGGTGATTTCATCTTTG

GAATTCAGTCACATCCAC

GGTAACATTGTGCTCAGTGGTGG

AACGACCTTAATCTTCATGCTGC

CTGGCCGTGACCTAACTGAT

GCAAGCTCCTCCTTCATGTC

CCGGATCCATGGCAACTCCGAGTGTGTTA

gPCR, Salt08

gPCR, Salt18

gPCR, Soybean Tubulin

gPCR, Arabidopsis Actin

gPCR, tobacco Actin

Salt00 sub-cloning into pET



HMOLB8056 GGCTCGAGTTATTAAGCCAAAAACTTTTTCTTG




2.1.4 Cell lines

Tobacco BY-2 WT and empty vector transformant were from lab stock and used as control for experiments. VV7-salt00, 02, 03, 05, 13

denoted overexpression cell line for respective gene candidate for initial screening purpose. GmGST bl and _b2 denoted independent

transformant of GmGSTL1 (same as salt00) used for further experiments.

Table 2.4 Tobacco BY-2 cell lines used in the study

BY-2 cell lines Overexpressing locus Source

WT tobacco ecotype for transformation Lab stock

V7 Empty vector transformant Lab stock

V7-salt00 Salt00 Constructed in this study
V7-salt02 Salt02 Constructed in this study
V7-salt03 Salt03 Constructed in this study
V7-salt05 Salt05 Constructed in this study
V7-saltl3 Saltl3 Constructed in this study



GmGST_b1 GmGSTL1 (Glyma03g33340) Constructed in this study

GmGST _b2 GmGSTL1 (Glyma03g33340) Constructed in this study
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2.1.5 Plant materials

Soybean accession W05 and C08 were used for initial expression analysis. A. thaliana WT and V7 empty vector transformant were

obtained from lab stock. GmGST _al and _a2 denoted independent transformant of GmGSTL1 used for further experiments.

Table 2.5 Plant materials used in the study

Plant materials Overexpressing locus Source

W05 soybean accession Lab stock

C08 soybean accession Lab stock

A. thaliana WT A. thaliana ecotype Col-0 Lab stock

V7 A. thaliana empty vector transformant Lab stock

GmGST _al GmGSTL1 (Glyma03g33340) Constructed in this study
GmGST _a2 GmGSTL1 (Glyma03g33340) Constructed in this study

1



2.2 Molecular biology

2.2.1 RNA extraction

Extraction of total RNA was performed according to standard procedures as
described [137, 138]. Briefly, plant materials were grounded in liquid nitrogen with
mortar and pestle. Phenol/chloroform/isoamylalcohol (25:24:1) and extraction buffer
was added in 1:1 (v/v) ratio sequentially. The homogenate was centrifuged at 8,228 x
g for 5 minutes at 4°C. The upper aqueous layer was transferred into a new tube and
a second extraction with phenol/chloroform/isoamylalcohol (25:24:1) was performed
in 1:1 (v/v) ratio. The solution was again centrifuged at 8,228 x g for 5 minutes at 4
‘C. The upper aqueous layer was transferred into a new tube, and residual phenol was
cleaned up by adding 1 volume of chloroform/isoamylalcohol (24:1). The solution
was centrifuged at 8,228 x g for 5 minutes at 4°C and the upper aqueous layer was
transferred into a new tube. To precipitate the RNA, 1/10 volume of 3M sodium
acetate (pH 5.2) and 2 volume of absolute ethanol was added sequentially. The
mixture was kept in -80°C for 20 minutes and centrifuged at 8,228 x g for 15
minutes at 4°C. The pellet was resuspended in 3M sodium acetate (pH 5.6) and
centrifuged at 18,500 x g for 15 minutes at 4°C. The pellet was resuspended in 0.3M
sodium acetate (pH 5.6) and absolute ethanol (2:5, v/v ratio) and kept at -80°C for
20 minutes to precipitate the RNA. After centrifugation, the pellet was air dried and

12



resuspended in DEPC-treated water.

2.2.2 Reverse transcription

Reverse transcription for cDNA synthesis was performed as previously described
[137, 138] using Invitrogen SuperScript 111 Reverse Transcriptase. Briefly, 1 pg total
RNA was used as template and subjected to DNasel treatment. And then 1 pl of 50
MM oligo(dT), 1 pl of 10 mM dNTP and DEPC-treated water was added to give a 13
pl reaction mixture. The mixture was denatured at 65°C and chilled on ice for 1
minute. Next, 2ul of 10x RT buffer, 4ul of 25 mM MgCI2, 2ul of 0.1 M DTT, 1ul of
RNaseOUT (40U/ul) and 1pl of SuperScript Il RT (200U/ul) were added
sequencially. The mixture was incubated at 50°C for 2 hours and inactivated at 70°C

for 15 minutes.

2.2.3 Generation of DIG-labelled probe for Northern Blot

To generate DIG-labelled probe for Northern Blot analysis, two rounds of PCR were
carried out for each candidate gene. The first round of PCR generated full length
amplicon as template for the next PCR, with primer pairs as listed in Table. 2.3. The
second round of PCR generated anti-sense single-stranded DNA probe by the
addition of reverse primer only.
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The first round of PCR was performed by amplifying 1 ul of the cDNA as template

with the following components: 2 pl of 10x PCR buffer, 0.4 pl 10 mM dNTP, 0.6 pl

of 50 mM MgCI2, 0.4 pl of primer mix, 0.1 pl of Platinum Tag DNA Polymerase

(Invitrogen) and autoclaved milli-Q water to 20 pl. The reaction was incubated in a

thermal cycler with the following profile: 94 for 2 minutes; 35 cycles of denaturation,

94°C for 30 seconds, annealing, 55°C for 30 seconds, extension, 72°C for 2 minutes;

and a final extension of 7 minutes at 72°C.

The second round of PCR was performed by amplifying 5 pl of the PCR product

from round one with the following components: 5 pl of 10x PCR buffer, 1 ul of

DIG-labelled dNTP (Roche), 1.5 pl of 50 mM MgCI2, 1 pl of reverse primer, 0.2 pl

of Platinum Tag DNA Polymerase (Invitrogen) and autoclaved milli-Q water to 50 pl.

The reaction was incubated in a thermal cycler with the following profile: 94 for 2

minutes; 40 cycles of denaturation, 94°C for 30 seconds, annealing, 55°C for 30

seconds, extension, 72°C for 2 minutes; and a final extension of 7 minutes at 72°C.

2.2.4 Expression analysis by Northern Blot

Northern Blot was performed as previously described [137, 138]. Briefly, 10 pg of

total RNA was separated on denaturing agarose gel. Loading control was revealed by
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ethidium bromide staining. The RNA was then transferred onto nylon membrane by

capillary action, soaked in 10x SSC buffer for 16 hours.

Blotted RNA was UV-crosslinked to the nylon membrane. The membrane was rinsed

in DEPC-treated water and pre-hybridized at 42°C for 2 hours. Hybridization was

then carried out with 25 ng/ml DNA probe at 42°C for 16 hours. After hybridization,

the membrane was washed twice with low stringency at room temperature for 15

minutes, followed by high stringency wash at 68°C for 15 minutes. Then, the

membrane was blocked with 1% blocking reagent for 2 hours at room temperature,

followed by incubation with anti-DIG antibody (1:10,000 in blocking solution) for

30 minutes at room temperature. The membrane was washed with 1x maleic acid

buffer and detection buffer before incubation with CSPD substrate. Hybrid signals

were then detected by X-ray film.

2.2.5 Expression analysis by Quantitative Polymerase Chain Reaction

For gene candidates with low expression, quantitative PCR was employed according

to previously described [137, 138]. Briefly, amplification was carried out using

50-fold diluted cDNA as template. 3 pl was used for each reaction. The reaction

consisted of the following components: 10 pl of 2x SYBR Green supermix
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(Bio-Rad), 0.3 ul of 10 uM primer pair (Table. 2.3) and 6.7 pl of autoclaved milli-Q
water. Real-time detection was carried out using Bio-Rad iQ5 Real-Time PCR
detection system with standard 2-step thermo cycle. Soybean tubulin expression was
used as internal control for calculating relative gene expression using the AACT

method [139].

2.2.6 Cloning of candidate genes

The full length cDNA of gene candidates were amplified by primer pairs listed in
Table. 2.3 using high fidelity pfu DNA polymerase (Promega). The full length
amplicon was purified by spin columns from Qiagen Gel Extraction Kit with
homemade buffers. Purified PCR fragment was digested with the respective
restriction enzyme(s), followed by clean up with spin columns and ligation into V7
binary vector [140] and transformation into competent E. coli strain DH5a. Positive

clones were selected by PCR checking of kanamycin resistant colonies.

2.3 Establishment of transgenic models

2.3.1 Establishment of transgenic BY-2 cell

BY-2 transgenic cell lines were constructed as previously described [137, 138].
Briefly, constructs bearing the full-length GmGSTL1 under cauliflower mosaic virus
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35S constitutive promoter were transformed into Agrobacterium tumefaciens

LBA4404. An overnight culture was inoculated from positive clones. For each

transformation, 5 ml BY-2 cells (three-day freshly sub-cultured cells) was mixed

with 150 pl of A. tumefaciens bacteria culture. Acetosyringone was added to a final

concentration of 100 uM. The cell mixture was pipetted through the tips 20 times to

introduce lesions in the BY-2 cells to increase efficiency of transformation. The

culture was kept in dark for 3 days at 28°C. To minimize recurrent of bacteria growth,

the mixture was washed with Murashige and Skoog (MS) medium supplemented

with 500ug/ml cefotaxime. The remaining BY-2 cells were plated on MS medium

supplemented with 500pg/ml cefotaxime, 50 pug/ml kanamycin and kept in dark for 4

weeks at 28°C. Transgenic BY-2 cell lines stably expressing GmGSTL1 were used in

subsequent experiments.

2.3.2 Establishment of transgenic Arabidopsis thaliana

A . thaliana transgenic lines were constructed by vacuum infiltration as previously

described [137, 138]. Briefly, constructs bearing the full-length GmGSTL1 under

cauliflower mosaic virus 35S constitutive promoter were transformed into A.

tumefaciens GV3101. A 5 ml overnight culture was inoculated from positive clones.

The starter culture was expanded to 500 ml and continuously grew until OD600 =
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0.8. The cells were pelleted by centrifugation and resuspended in MS medium
supplemented with 0.05% Silwet L-77. The above-ground part of plants were dipped
into the bacteria suspension and vacuum suction was applied for the whole entity for
10 minutes. The plants were then grown normally and seeds were harvested for
screening. Transformants from different plants were treated as independent.
Single-insertion (T2 3:1 segregation ratio) homozygous (T3 no segregation) A.

thaliana lines were used in subsequent experiments.

2.4 BY-2 cell culture, salt treatment and survival analysis

2.4.1 Cell viability assay

Three-day freshly sub-cultured BY-2 cells were used. For viability assay, NaCl was
added to the cultures to give a final concentration of 100 mM. The cultures were
maintained at 28°C for 24 hours. For visualization and counting, trypan blue was
mixed with cell aliquots in 1:1 ratio and at least 10 random views were captured for
each experiment. The survival rate was calculated as the percentage of live cells
versus the total number of cells. The experiment was repeated twice with

independent biological preparation to check trend consistency.
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2.4.2 ROS detection by H,DCFDA staining

Three-day freshly sub-cultured BY-2 cells were used. For ROS detection, cells were

pre-stained with 10 uM H,DCFDA for 30 minutes, followed by washing with fresh

MS medium. NaCl was then added to give a final concentration of 100 mM.

Fluorescence signals were captured using a confocal microscope (Olympus FVV1000)

or a microplate reader (Synergy H1; Excitation: 485 nm; Emission: 528 nm) [141].

2.5 A. thaliana plant culture, salt treatment and physiological analysis

2.5.1 Salt treatment

Seeds were germinated on MS medium for 10 days until root length reached

approximately 10 mm. The seedlings were transferred onto fresh MS medium

(control) or medium with NaCl with or without quercetin supplement at various

concentrations. Plants were then maintained under standard growth conditions for 14

days.

2.5.2 Chlorophyll content measurement

Chlorophyll was extracted from 0.4 g pooled plant samples by direct immersion into

100% dimethyl formamide, followed by incubation at 4°C overnight. The

absorbances at 603 nm, 647 nm and 664 nm were measured by a spectrophotometer
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(Synergy H1). The chlorophyll content was calculated according to Morgan [142].

The experiment was repeated twice with independent biological preparation to check

trend consistency.

2.5.3 Histochemical staining

Histological staining for ROS was performed based on Jambunathan [161]. Briefly,

plant materials were immersed in DAB solution (1 mg/ml in 50 mM Tris-acetate, pH

5.0) for 24 h. The samples were then boiled in 96% ethanol and fixed in fixer

solution (ethanol: lactic acid: glycerol = 3:1:1) prior to imaging.

2.6 Phylogenetic analysis

For phylogenetic analyses, the sequences of known GST members from soybean, A.

thaliana and mammalian GSTs were retrieved from Phytozome and NCBI

respectively. Multiple sequence alignments were performed by ClustalW algorithm

using MEGA (version 4.0). A phylogenetic tree was constructed using a

neighbour-joining method (MEGA version 4.0) with default settings. Each protein

was named with the abbreviation of the species followed by the Phytozome loci tag

or GenBank accession number.

20



2.7 Protein purification and enzyme activity assay

2.7.1 Sub-cloning of GmGSTL1

The full-length sequence of GmGSTL1 was PCR amplified from its V7 construct by

primer pairs (Table. 2.3). The purified PCR fragment was fused to a poly-histidine

tag in the pET-32a(+) vector (Novagen, Cat. No. 69017-3).

2.7.2 Protein expression and purification

The recombinant GmGSTL1-His fusion protein was expressed in E. coli strain DE3.

Whole cell lysate was analyzed by SDS-PAGE, and the target band was excised for

matrix-assisted laser-desorption ionization-time of flight/time of flight mass

spectrometry (MALDI-TOF/TOF MS) analysis to confirm correct expression of

target protein. Then, the recombinant protein was purified by HisTrap affinity

column according to the manufacturer’s protocol (GE Healthcare, 71-5027-68 AH).

2.7.3 GST enzyme activity assay

For enzyme assays, a buffer exchange was performed according to the instructions

for HisTrap desalting column (GE Healthcare, 71-7154-00 AK). The protein was

eluted with Dulbecco’s Phosphate Buffered Saline (pH 7.0). GST activity was

determined by measuring the absorbance of the CDNB conjugate according to the
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Glutathione S-transferse Assay Kit (Sigma, CS0410). Absorbance at 340 nm was

monitored for 20 minutes at 50 s intervals. Specific activity was calculated according

to the formula: [(AA340)/min x V(ml) x dil] / [emM x Venz(ml)] = pmol/ml/min;

where dil = the dilution factor of the original sample; ¢ = the extinction coefficient

for the CDNB conjugate at 340 nm.

2.8 Ligand identification

2.8.1 Total phenolic compound extraction and purification

The identification of novel ligands binding to GmGSTL1 was performed according

to Dixon, et al. [129] with the following modifications. Total phenolic compounds

were purified from soybean leaves. Samples were ground and then extracted in 80%

methanol overnight with continuous shaking at ambient temperature. Large particles

were removed by centrifugation at 5,000 x g for 10 minutes. Hexane was added in

1:1 ratio to remove lipid components. The aqueous layer was retained and applied to

an affinity column embedded with HP-20 resin. The column was washed with

milli-Q water, followed by the elution of bound phenolic compounds with absolute

methanol. Extracted fractions were pooled and concentrated by Speedvac

centrifugation.
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2.8.2 Ligand identification

The recombinant protein was first immobilized onto a HisTrap column in the

equilibration buffer (50 mM Na,HPO4, pH 7.4, 0.3 M NaCl, 1 mM PMSF, 6 M

GuHCI, 10 mM imidazole) and gradually flushed with the washing buffer (50 mM

Na,HPO4, pH 7.4, 0.5 M NaCl, 10 mM imidazole) to remove GuHCI. The total

phenolic extract was then loaded onto the column in washing buffer, followed by

elution with 50 mM imidazole. Eluted fractions were pooled and concentrated for

subsequent analyses.

2.8.3 High Performance Liquid Chromatography (HPLC)

HPLC was optimized using the Waters 2690 separation module system with a Waters

996 photodiode array detector. Chromatographic separation was carried out using a

150 x 2.1 mm i.d., 5 um Symmetry Shield C18 steel column with a 10 x 2.1 mm i.d.,

3.5 um Symmetry C18 guard column, operated at ambient temperature. The mobile

phase consisted of 1% formic acid in water (eluant A) and 1% formic acid in

acetonitrile (eluant B) with a linear gradient elution at a flow rate of 0.1 ml/min. The

elution program was as followed: 8-10% B (0-10 min); 10-20% B (10-35 min);

20-20% B (35-50 min); 20-45% B (50-60 min); and 45-80% B (60-80 min). The

injection volume for all samples was 10 pl.
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2.8.4 Fourier Transform Mass Spectroscopy (FTMS)

The FTMS analysis was performed with the same HPLC profile as described above,

interfaced with a Bruker Daltonik mass spectrometer equipped with an ESI source.

NH4HCO; was used as the ion carrier instead of formic acid, as MS in the negative

mode was reported to be more favorable for phenolic compound analyses [144]. Data

acquisition and processing were performed using DataAnalysis Version 4.0 SP1

(Bruker Daltonik). The mass spectra were recorded in the range of m/z 100-1000.

Optimization of ionization conditions was based on the intensity of the mass signals

of deprotonated molecules, and was performed using the ESI tuning mix (Agilent

Technologies, G2421-60001) for negative MS experiments. Mass parameters were

optimized as follows: capillary voltage, 4.0 kV; spray shield, 3.5 kV; neb gas flow,

2.0 L/min; dry gas flow, 4.0 L/min; dry temperature, 200°C . Standards and purified

phenolic extracts described above were reconstituted in methanol/water (50:50, v/v).

The standards (10 mg/ml) and sample extracts were filtered by a syringe filter with a

0.2 um PVDF membrane (Gelman Laboratory), and 10 pl was injected into the

HPLC column for analysis.

2.8.5 Ligand quantification

Standard curve for candidate ligands were generated for ligand quantification.
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Authentic standards were diluted in 10-fold series and subjected to FTMS analysis.

Three injection replicates were performed for each concentration. And the mean peak

area (log value) was plotted against Standard concentration (-log value) to give the

standard curve. The amount of ligand retrieved by the recombinant protein was

estimated by converting mean area of the EIC according to the formula generated by

the standard curves.

2.9 Statistical analysis

Statistical analysis was performed with Statistical Package for Social Sciences (SPSS)

(version 16.0). Mean difference was compared using one-way analysis of variance

(ANOVA) followed by post hoc Tukey’s test. Samples with significance difference

(P<0.05 or P<0.01) were indicated.
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Chapter 3 Results

3.1 Expression profiling of gene candidates

To identify prominent gene(s) for functionally test, we first studied the

expression profile of gene candidates under NaCl treatment. Two soybean

accessions, W05 and C08, were subjected to 0.9% NaCl treatment and leaf

samples were harvested 3 days after treatment. Northern blot was employed for

expression analysis. For those genes with relatively lower endogenous

expression, g°PCR was employed. Most genes were differentially expressed in

both soybean accessions (Fig. 3.1), indicating general responsiveness to salinity

stress. Among these gene candidates, Salt00, encoding a glutathione-S

-transferase (Phytozome locus Glyma03g33340), was about 7-fold up-regulated

in WO05.
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Fig. 3.1 Expression profile of candidate genes under 0.9% NaCl treatment. Salt 00, 02, 03, 05, 07, 08, 13, 16, 17, 18, 19, 20 denote gene
candidates for initial screening. Most genes were responsive to salt treatment. Upper two pannels: Northern blot analysis. RNA loading was
revealed by ethidium bromide staining. Specific gene expression was quantified by measurement of band intensity using ImageJ (ver. 1.47).
Third pannel: gPCR analysis. Relative expression was calculated by the AACT method (Livak and Schmittgen 2001), using expression of the
soybean tubulin gene for normalization. The expression of W05 untreated sample was set to 1 for comparison. W05 and C05 were soybean

accessions.
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3.2 Functional screening using transgenic tobacco BY-2 cells
We obtained cDNA clone of 5 genes to performed gain-of-function test in the
tobacco BY-2 cells. All cDNA clones alleviated salinity stress in BY-2 cells
under specific context, as indicated by reduced dead rate under stress (Fig. 3.2).
This underlined the importance of the gene cluster in salinity stress tolerance
determinant. Transgenic line of SaltO0 (Phytozome locus Glyma03g33340)
displayed significant higher survival rate over a range of salt concentration and

its function was further characterized in this study.
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Fig. 3.2 Functional screening using transgenic tobacco BY-2 cells. BY-2 cells were
subjected to NaCl treatment at different concentration. Salt00, Salt02, Salt03, Salt05,
Saltl3 denoted BY-2 cell lines overexpressing the respective candidate gene.
Survival rates were monitored by trypan blue staining. Values represented mean %
survival of at least 10 random views of a total cell counts more than 400. Error bar:
standard error. * and **Denoted significant mean difference at p<0.05 and p<0.01
respectively, when compared to WT, using one-way ANOVA followed by the post

hoc Tukey’s test.
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3.3 Phylogenetic analysis of Glyma03g33340

Glutathione-S-transferase (GST) constitute a very diverse group of proteins.

Despite their common glutathione (GSH) dependent transferase activity, the

structures and functions are highly heterogeneous between classes. Therefore,

phylogenetic classification was essential for inferring possible direction of

subsequent experiments.

Sequences for known GST members from A. thaliana (At) and mammal (Hs)

were retrieved from the Phytozome and NCBI database. Phylogenetic tree was

constructed using MEGA (version 4.0) by neighbor-joining method.

Glyma039g33340 was found to belong to the lambda class (Fig. 3.3), and was

then named GmGSTL1, which showed 79.1%, 76.2% and 72.8% sequence

identity with the AtGSTL3, AtGSTL1 and AtGSTL?2 proteins from A. thaliana,

respectively. The N-terminal consisted of TRX domain [120] which harbors the

GSH binding consensus (G-site) and the well conserved active site cysteine (Fig.

3.4). The C-ternimal consisted of the typical alpha helical domain of Class

Lambda Glutathione S-transferases (Fig. 3.4) with hydrophobic substrate

binding pocket (H-site) which is for endogenous and xenobiotic alkylating

agents, including carcinogens, therapeutic drugs, environmental toxins, and
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products of oxidative stress [99, 121].
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Fig. 3.3 Phylogenetic analysis of different classes of GSTs. Known GST
members from Arabidopsis thaliana (At) and mammal (Hs) were retrieved from
the Phytozome and NCBI database. Phylogenetic tree was constructed using
MEGA (version 4.0) by neighbor-joining method with default setting.
GmGSTL1 belongs to the GSTL class.

33



GmGSTL

GmGSTL

R

GmGSTL

GRMZIMZG162486_TUL
LOC_0s03g17480.1
Y17386

*

10 20 30 50 60 70 80
coslacii]iaad]

s S R e R R b R T R

T T T T T T T T T T T T T e T T e T T T e b ikl T bl el alCOel W e et b BT e T iebehbSetebesieieiiel
-

90 100 110 120 130 140 150 160

T i """ b < Tl < T W T TR T T e T T T T T E T e e e e e e e e

h-----------------
170 180 190 200 210 220 230 240
I | | [ T I I I e e

S [ R IR VAR ISR (VRN ISR IS (O
N e B W1 RS F LEYF O TVESE IFKHD I TACEEKIA TWI QE CNK -~ -~~~ ——~ - IDGYKQTKVDREE

i i ™1 Nl " il il k¥ W S AETARANT Ak e f A A NEmt AN & AR aaariasnigsavinw s ama

- mm mm En Em Em Em Em Em Sm EE Em EE EE EE EE SE SR SR EE EE S Em EE B Em B Em o

250

A P
YLEAFKKKFLVL-~-

LLEQTKKRLGIA-~-
LLDLAKTHLKVA- -
LLDAAKRHLKIA--

34



Fig. 3.4 Sequence alignment of GmGSTLL1 and its homologues in A. thaliana, Medicago, maize, rice, and wheat. The N-terminal
domain consisted of TRX domain (solid arrow) which contained the GSH binding motif and the active site cysteine (asterisk). The
C-terminal domain consisted of typical alpha helical domain of class Lambda GST (dashed arrow) with hydrophobic substrate binding

pocket which is for substrate binding. Shaded region represented conserved residues.
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3.4 Expression analysis of GmGSTL1

The first screening attempt for candidate gene expression was perform using

soybean leaf samples under a specific salt treatment time point. To further

elucidate the tissue specific expression and salinity-induced changes of

GmGSTL1, root and leaf samples were harvested at various time points for

expression profiling.

3.4.1 GmGSTL1 was mainly expressed in soybean leaf

Gene expression was monitored by both reverse transcription PCR and gPCR.

Under normal conditions, GmGSTL1 expression was about 10-fold higher in

leaf samples than root samples (Fig. 3.5).
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Fig. 3.5 Differential expression of GmGSTLL1 in leaf and root. (A) The expression of
GmGSTL1 was monitored by RT-PCR and visualized by ethidium bromide staining
after 30 PCR cycles for GmGSTL1 and 25 cycles for the soybean tubulin gene
(GmTUB), respectively. (B) Relative expression was calculated by the AACT method
(Livak and Schmittgen 2001), using expression of the soybean tubulin gene for
normalization. The expression of GmGSTL1 in untreated sample was set to 1 for
comparison. GmGSTL1 was predominantly expressed in the leaf.
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3.4.2 GmGSTL1 was induced in the leaf under salinity stress

Under 0.9% NaCl treatment, expression of GmGSTL1 was induced in leaf

samples to about 2-fold after 30 minutes, and up to 7-fold after 24 hours

treatment (Fig. 3.6A,B). On the other hand, expression of GmGSTL1 in root

samples was reduced over time (Fig. 3.6C).
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Fig. 3.6 Expression of GmGSTL1 was induced in soybean leaf under 0.9% NacCl
treatment. (A) The expression of GmGSTL1 was monitored by RT-PCR and
visualized by ethidium bromide staining after 30 PCR cycles for GmGSTL1 and 25
cycles for the soybean tubulin gene (GmTUB), respectively. (B) Relative expression
was calculated by the AACT method (Livak and Schmittgen 2001), using expression
of the soybean tubulin gene for normalization. The expression of GmGSTL1 in
untreated sample was set to 1 for comparison. (C) In root samples, the expression of

GmGSTL1 was reduced under salt stress.
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3.5 Functional analysis

The function of GmGSTL1 was assessed by heterologous expression in both

BY-2 cell and A. thaliana. Transgenic lines stably expressing the transgene were

selected for subsequent experiments. Fig. 3.7 summarized transgene expression

in BY-2 cell lines and A. thaliana respectively.

3.5.1 Over-expression of GmGSTL1 in BY-2 cells reduced ROS accumulation

under salinity stress

Salinity-induced ROS accumulation could be revealed by monitoring the

increase in fluorescence intensity of H;DCFDA staining. Confocal

microscope imaging revealed that ROS accumulation was not homogenous in

the cell population (Fig. 3.8). Only a sub-population of cells were vulnerable

to ROS accumulation, probably because the culture contained mixed

population at various cell stages. Therefore, measurements in microplate

format was adopted [141]. Under 100 mM NaCl treatment, wild type (WT)

and empty vector transgenic control (V7) cell lines exhibited rapid increase in

fluorescence signal, indicating an increase in ROS under stress; while

GmGSTL1 transformants (GmGST_bl and GmGST_b2) contained much

lower ROS (Fig. 3.9).
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Fig. 3.7 Expression of GmGSTL1 in tobacco BY-2 cell lines and transgenic A.

thaliana (A) The expression of GmGSTL1 was monitored by RT-PCR and visualized

by ethidium bromide staining after 25 PCR cycles for both the GmGSTLL1, the

tobacco actin gene (NtACT) and (B) Arabidopsis actin gene (AtACT). No signal of

GmGSTL1 was detected in the untransformed wild type (WT, Col-0) or other

controls.
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Fig. 3.8 ROS accumulation was observed in a sub-population of cells. Three-day
culture was subjected to 100mM NacCl treatment for 1 hour. H,DCFDA staining was
visualized by confocal microscopy. It was observed that ROS accumulation was not

homogenous but only occured in a sub-population of cells. Scale bar = 50 pm
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Fig. 3.9 Gain-of-function study using transgenic tobacco BY-2 cells. Ectopic

expression of GmGSTL1 in BY-2 cells reduced ROS accumulation under salinity

stress. Three-day-old culture was subjected to 100 mM NaCl treatment for 1 h.

H,DCFDA fluorescence was quantified in microplates. The increase in Relative

Fluorescence Unit (RFU) was much more profound in control cell lines (WT, wild

type and V7, empty-vector transgenic control) than two independent GmGSTL1

transformants (GmGST_b1 and GmGST_b2). Error bar: standard error.
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3.5.2 Over-expression of GmGSTLL1 in BY-2 cells enhanced cell survival under
salinity stress
Salinity-induced cell death was assessed using conventional trypan blue
staining. Viable cells with intact cell membrane would exclude the dye and
appear colourless under microscope, while dead cells would be stained blue.
After the application of 100 mM NaCl for 1 day, cell death was observed. The
survival rates in the WT and V7 lines were 65+3% and 62+1% respectively,
which were significantly lower than those of the transgenic lines, 80+5% and

84+6% for GmGST_bl and GmGST _b2, respectively (Fig. 10).
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Fig. 3.10 Ectopic expression of GmGSTL1 in BY-2 cells enhanced cell survival
under salinity stress. Three-day-old culture was subjected to 100 mM NaCl treatment
for 24 h. Survival rates were monitored by trypan blue staining. Values represented
mean % survival of at least 10 random views of a total cell counts more than 400.
Error bar: standard error. **Denoted significant mean difference at p<0.01 when
compared to WT, using one-way ANOVA followed by the post hoc Tukey’s test. WT:
wild type BY-2 cells; V7: empty-vector transgenic control; GmGST_bl and

GmGST_b2: two independent GmGSTL1 transformants.
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3.5.3 Over-expression of GmGSTL1 in A. thaliana reduced salinity-induced

leaf chlorosis

To provide further evidence for the protective function of GmGSTL1 in

planta, transgenic A. thaliana ectopically expressing GmGST1 was

constructed. No abnormal phenotypes were observed in the transgenic plants

under normal growth conditions. Under NaCl treatment, growth retardation

was observed (Fig. 3.11A). Severe leaf chlorosis was observed and

quantitative measurements confirmed that the chlorophyll content in the wild

type (WT) plant was reduced (Fig. 3.11B) On the other hand, the GmGSTL1

transgenic lines exhibited enhanced tolerance and higher chlorophyll contents

than WT in general. Similar patterns of results were obtained when the NaCl

concentration was raised to 140 mM (Fig. 3.11B).
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Fig. 3.11 Growth performance of GmGST1 transgenic lines under salt stress. Ten-day
seedlings were subjected to NaCl treatment for 14 days. (A) Growth phenotypes
under salt treatment. (B) The extent of leaf chlorosis was revealed by determining the
chlorophyll content. GmGST _al, GmGST_a2, and GmGST_a3 were independent
GmGSTLL1 transgenic lines. WT: untransformed wild type Col-0. N=3 (each data
point represented a pool sample of at least 4 individual plants). Error bar:
standard error. ** denotes significant difference at p<0.01 level when compared to
the WT control, according to one-way ANOVA analysis followed by the post hoc

Tukey’s test.
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3.5.4 Over-expression of GmGSTL1 in A. thaliana reduced salinity-induced

ROS accumulation

To further elucidate the protective function of GmGSTL1, We included the

histological staining of ROS using diaminobenzidine tetrahydrochloride

(DAB) as another marker (Jambunathan, 2010) (Fig. 3.12A). The results were

consistent with that of the chlorophyll determination. Quantitative

measurement of the DAB staining using ImageJ (ver. 1.47) also showed that

the GmGSTLL1 transgenic lines accumulated less ROS (Fig. 3.12B).
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Fig. 3.12 (A) Histological staining with diaminobenzidine tetrahydrochloride
(DAB) for ROS. Scale bar = 2 mm. WT: untransformed wild type Col-0;
GmGST_al, GmGST a2, GmMGST_a3: three independent GmGSTL1
transgenic lines. (B) Staining signals were quantified by measuring the image
pixel intensity using ImageJ (ver. 1.47). N>10. Error bar: standard error. **
denotes significant difference at p<0.01 level when compared to the WT
control, according to one-way ANOVA analysis followed by the post hoc

Tukey'’s test.
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3.6 Enzyme activity assay
Given GmGSTL1 provided functional protection to plant, demonstrated by
improved survival and reduced ROS accumulation, the most straight forward
postulation would be that protection was accounted by an associate increase in
GST enzyme activity in transgenic over-expressors. Therefore, we intended to
express the protein in vitro and assay for the enzyme activity of GmGSTL1

protein.

3.6.1 Protein expression and purification

His-tagged GmGSTL1 recombinant protein was expressed in Escherichia
coli as described in methods and materials. Using matrix-assisted
laser-desorption ionization-time of flight/time of flight mass spectrometry
(MALDI-TOF/TOF MS) analysis, 13 trypsin-digested peptides were obtained
from the target protein band on the PAGE gel (Fig. 3.13A). The fragments
were matched to the hypothesized sequence with an overall score of 244,
confirming the correct expression of the target (Fig. 3.13B). Purification was
performed using HisTrap affinity column and HisTrap desalting column (Fig.
3.14A). The whole process was carried out in the cold room to retain
maximum possible enzyme activity of the recombinant protein.

52



3.6.2 GmGSTL1 exhibited GSH dependent GST activity

The specific GSH-dependent GST activity was determined by measuring the

absorbance of the CDNB conjugate. The specific enzyme activity of

GmGSTL1 was found to be 63.52+6.12 nmol/mg/min (Fig. 3.14B), which

was in the same order of magnitude as the reported soybean homologue but

up to three orders of magnitude lower than some other reported GSTs [145].

The relatively low GSH-dependent GST activity of the Lambda class GSTs

suggested that they may play a functional role different from other

high-activity GSTs.
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Fig. 3.13 Recombinant GmGSTL1 expression and characterization. (A) Whole cell lysate was separated on SDS-PAGE gel. The target
band (~32kDa) was excised and subjected to MALDI-TOF/TOF MS analysis. (B) 13 peptide counts were matched to Glyma03g33340
with an overall score of 244, confirming correct expression of target protein. pET-GmGSTL1 and 2 represented independent bacterial

preparations.
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Fig. 3.14 GmGSTL1 protein purification and enzyme assay. (A) Coomassie blue

staining showing the purification of the recombinant protein. The predicted

molecular weight of the His-tagged GmGSTL1 was about 32 kDa. (B) Specific

activity of GmGSTL1. Specific enzyme activity was determined and calculated

according to the manufacturer’s manual (Sigma, Cat. No. CS0410). The unit was

converted to published values for comparison (McGonigle et al. 2000).
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3.7 Ligand identification

In wheat, GSTL was found to interact with phenolic anti-oxidant [143]. In vitro

experiments showed that TaGSTL1 could mediate the GSH-dependent reduction

of derivatives to regenerate active quercetin, which acts as a proton donor to

oxidative species [143]. We, therefore, extracted the total polyphenolic

compounds from soybean leaves and searched for potential ligands that might

bind to GmGSTL1. Owing to limited standards available, we only targeted the

well-known phenolic anti-oxidants, including chlorogenic acid, rutin, quercetin,

and kaemferol, and also those flavonoids most abundant in soybean, including

daidzin, glycitin, genistin, glycitein, and daidzein. Details of authentic standards

used in the experiment were summarized in Table 3.1.
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Table 3.1 Authentic standards used in FTMS experiment

No.Chemical Name Chemical

Calculated m/zMeasured m/zError

Retention time

Formula [M-H]- [M-H]- (ppm)  (min)
1 GSH C10H17N306S 306.075432  306.077290 6.07 1.94
2 Chlorogenic  C16H1809 353.086709  353.087630 2.61 1.97

acid

3 Daidzin C21H2009 415.102359  415.105220 6.89 19.59
4 Glycitin C22H22010  445.112923  445.113200 0.62 21.67
5 Genistin C21H20010  431.097273  431.100390 7.23 30.54
6 Rutin C27H30016  609.145011  609.144500 -0.84  30.98
7 Glycitein C16H1205 283.060100  283.061470 4.84 46.02
8 Daidzein C15H1004 253.049535  253.050970 5.67 49.09
9 Quercetin C15H1007 301.034279  301.036220 6.45 59.11
10 Kaemferol C15H1006 285.039364  285.040990 5.70 64.08
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3.7.1 Optimization of HPLC gradient for analysis

A number of solvent gradients and flow rate combinations were tested to

resolve the available standards. Eventually, the HPLC profile was modified

from Chang and Wong [144]. The retention time as well as the first

dimension mass spectrum provided dual evidence for the true identity of

target compounds. The resolved extracted ion chromatogram (EIC) and mass

spectrum were summarized in Fig. 15.
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Fig. 3.15 Liquid chromatography profile and spectrum of available authentic
standards. 1.GSH, 2.Chlorogenic acid, 3.Daidzin, 4.Glycitin, 5.Genistin, 6.Rutin,
7.Glycitein, 8.Daidzein, 9.Quercetin, 10.Kaemferol. EIC: extracted ion
chromatogram. Y-axis: signal intensity of ion with the given mass to charge ratio.

X-axis: retention time. Spectrum: ion spectrum of the EIC peak.
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3.7.2 GmGSTL1 interact with polyphenolic metabolites

Total phenolic compounds were extracted by solvent extraction followed by

affinity column as described in section 2.8.1. Fraction recovered by HisTrap

column for the recombinant protein was subjected to FTMS analysis.

However, we did not resolve expected flavonoids which are abundant in

soybean seed. Instead, two candidate flavonoids, namely kaemferol (EIC

285.041+0.001, retention time 63.82) and quercetin (EIC 301.036+0.001,

retention time 60.50), were identified in the GmGSTL1-bound fraction (Fig.

3.16). Estimation of the ligand amounts was also performed using standard

curves (Fig. 3.17).
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Fig. 3.16 GmGSTL1 binds to polyphenolic metabolites. Total phenolic
compound was extracted from soybean leaflet by solvent extraction followed
by purification using affinity column embedded with HP-20 resin.
Recombinant protein of GmGSTL1 was immobilized on His-Trap column
and flushed with total phenolic extracts. Fractions of eluted ligands were
pooled, concentrated and subjected to FTMS analysis. Two candidate
flavonoids, namely kaemferol (EIC 285.041+0.001, retention time 63.82) and
quercetin (EIC 301.036+0.001, retention time 60.50), were identified in the

GmGSTL1-bound fraction. EIC: extracted ion chromatogram.
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Fig. 3.17 Standard curves and ligand quantification. (A,B) Authentic
standards were diluted in 10-fold series and subjected to FTMS analysis.
(C,D) Standard curves were generated by plotting log values of peak area
versus —log value of standard concentrations. Error bar: standard error of

injection triplicates. (E) Calculation of ligand amounts.
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3.8 Complementation assay

Quercetin has one more -OH group and has ~4-fold higher anti-oxidation

activity (based on TEAC value) than kaemferol [146]. Therefore, we focused

our further tests on quercetin and studied its possible protection roles against

salinity stress in plants. Interestingly, supplementation of exogenous quercetin

could functionally improve plant tolerance toward salinity stress in a way

similar to the ectopic expression of the GmGSTL1 transgene.

3.8.1 External supplementation of quercetin reduced ROS accumulation in

BY-2 cells under salinity stress

Kinetics of H,DCFDA fluorescence accumulation in the untransformed wild

type cells (WT) and empty vector transformation control (\V7) were again

monitored same as section 3.5.1. Addition of quercetin reduced H,DCFDA

fluorescence accumulation in WT and V7 during the 1 hour Kinetic

measurement (Fig. 3.18A). Reducing quercetin supplementation resulted in

higher ROS accumulation (Fig. 3.18B).
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Fig. 3.18 Application of quercetin reduced salinity induced ROS
accumulation in BY-2 cells. Three-day-old culture was subjected to 100 mM
NaCl treatment for 1 h. H,DCFDA fluorescence was quantified in
microplates. (A) Kinetics of H,DCFDA fluorescence accumulation in the
untransformed wild type cells (WT) and empty vector transformation control
(V7) with or without 500 uM quercetin. (B) Endpoint measurement after 60
min in the presence of different final concentration of quercetin. Error bar:
standard error. N=4. * and ** denoted significant mean difference at p<0.05
and p<0.01 respectively when compared to the control without quercetin
supplementation, using one-way ANOVA followed by the post hoc Tukey’s

test.
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3.8.2 External supplementation of quercetin enhanced plant survival under
salinity stress
A. thaliana seedlings were again subjected to NaCl treatment, and
chlorophyll content was measured. Application of quercetin significantly
improved plant survival under salt treatment and the measured chlorophyll
content was significantly higher than the respective control group (with 0 mM
quercetin) (Fig. 3.19A). ROS accumulation by DAB staining was also
employed as an alternative marker. The result was consistent with chlorophyll

measurement (Fig. 3.19B).
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Fig. 3.19 Application of quercetin reduced salinity induced leaf chlorosis and ROS

accumulation. (A) Chlorophyll content and (B) ROS accumulation were measured

when 10-day-old seedlings were subjected to NaCl treatment without or with 1 nM

and 10 nM quercetin supplements for 14 days. WT: untransformed wild type Col-O0.

GmGST _al: GmGSTL1 transgenic line. Error bar: standard error. * and ** denoted

significant difference at p<0.05 and p<0.01 respectively, when compared to the

control without quercetin supplementation, using one-way ANOVA followed by the

post hoc Tukey’s test.
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Chapter 4 Discussion and Conclusion

The anti-oxidative characteristics of GST family have been extensively reviewed [98,

99, 147]; however, the molecular nature of the transferase activity in relation to plant

stress tolerance is largely untouched. In this study, we reported a salinity

stress-induced Lambda class GST in wild soybean, which is tolerant to salt stress,

and provided detailed evidence for its physiological role and further extended its

endogenous function through the identification of molecular interactant, which

function in a way similar to GmGSTL1 over-expression, in planta.

4.1 Glyma03g33340 encode a putative Lambda class glutathione-S-transferase

Glutathione-S-transferases (GSTs) are ancient and highly diverse gene family.

Despite the common function for catalyzing GSH dependent transferase activity,

the structure and function are highly diverse between classes [129]. The F and U

classes are the biggest and most studied plant-specific classes, while T and Z

class are close to mammalian GSTs [121]. The function of L class GST is

largely unknown. Phylogenetic analysis showed that Glyma03g33304 belong to

the L class (Fig 3.3) and study its function will give putative insight to the

function of L class of GST enzyme. By multiple alignment with close homologs

of other plant species, including A. thaliana, Medicago, maize, rice and wheat,
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4.2

the conventional conserved domain for GST activity could be identified. The

N-terminal consisted of TRX domain [120] which harbors the GSH binding

consensus (G-site) and the well conserved active site cysteine (Fig. 3.4). The

C-ternimal consisted of the typical alpha helical domain of Class Lambda

Glutathione S-transferases (Fig. 3.4) with hydrophobic substrate binding pocket

(H-site) which is for endogenous and xenobiotic alkylating agents, including

carcinogens, therapeutic drugs, environmental toxins, and products of oxidative

stress [99, 121].

GmGSTL1 expression is mainly in soybean leaf and its expression is

induced under salinity stress

To elucidate the tissue specific expression and salinity-induced changes, root

and leaf samples were harvested at various time points for expression profiling.

Under normal conditions, GmGSTL1 expression was about 10-fold higher in

leaf samples than root samples (Fig. 3.5). Under 0.9% NaCl treatment,

expression of GmGSTL1 was induced in leaf samples to about 2-fold after 30

minutes, and up to 7-fold after 24 hours treatment (Fig. 3.6A,B). On the other

hand, expression of GmGSTL1 in root samples was reduced over time (Fig.

3.6C).
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4.3

4.4

Over-expression of GmGSTL1 alleviate salinity stress induced symptoms in

transgenic cells and plants

The functional role of GmGSTL1 was double confirmed by heterologous system,

including the tobacco cell model and A. thaliana plant model. In both cases,

overexpression of GmGSTL1 conferred functionally protection and enhanced

survival of transformant under salt treatment. In the BY-2 cells, over-expression

of GmGSTL1 reduced ROS accumulation, as revealed by reduced fluorescence

(Fig. 3.9) and enhanced cell survival (Fig. 3.10) under salt treatment. In plant,

over-expression of GmGSTL1 reduced leaf chlorosis (Fig. 3.11) and ROS

accumulation, as revealed by DAB staining (Fig. 3.12) under salt treatment.

GmGSTL1 encodes a functional enzyme exhibiting GSH dependent GST

activity

GmGSTL1 was one gene candidate in the salt tolerant QTL that was

up-regulated in response to salinity stress. Altered transcript profile ordinarily

followed or paralleled by increased enzyme activity [148]. An accompanied

increase in enzyme activity, however, might not provide direct explanation in

these cases, as the specificity GST activity of GmGSTL1 was up to three order

of magnitude lower (Fig. 3.14) than some other reported GmGSTs [145]. We
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4.5

then hypothesize the alternative mechanism, through which GmGSTL1 acted

indirectly on a substrate which provided the anti-oxidative capacity.

GmGSTL1 interacts with polyphenolic metabolites

The relatively low GSH-dependent GST activity of the Lambda class GSTs

suggests that they may play a functional role different from other high-activity

GSTs. In plant, GSTs were found to interact with secondary metabolites [143,

149, 150]. For example, rutin and kaempferol-3-O-rutinoside, not previously

described as natural products in wheat, were identified as putative ligands to

TaGSTL1 [143]. Instead of directly acting on ROS, GSTLs were proposed to

help maintaining the antioxidant flavonol pool by catalyzing the conversion of

quinone intermediates to its active antioxidative form. In vitro experiments

showed that TaGSTL1 could mediate GSH dependent reduction of derivatives

to regenerate active quercetin which act as proton donor to oxidative species.

The oxidized quercetin derivatives then spontaneously react with water and

GSH to form adduct, which is recycled as substrate for GSTL enzyme activity

[143].

Therefore, we extract total polyphenolic compounds from soybean leaflets and
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looked for potential ligands that might bind to GmGSTL1. Owing to limited

standards available, we attempted to target for well known phenolic antioxidants,

including chlorogenic acid, rutin, quercetin, kaemferol, and also those

flavonoids mostly abundant in soybean seeds, including daidzin, glycitin,

genistin, glycitein and daidzein (Fig. 3.15). From FTMS data, we did not

resolve expected flavonoids which are abundant in soybean seed. Instead, two

candidate flavonoids, namely kaemferol (EIC 285.039364) and quercetin (EIC

301.034279), were identified in GmGSTL1 bound fraction (Fig. 3.16).

The role of flavonoids as in vivo anti-oxidant had been under debate. On the one

hand, polyphenolic compound, including phenolic acids, phenolic diterpenes,

falvonoids, and volatile oils were considered natural anti-oxidant from spice,

herbs and various plant sources [151]. On the other hand, in 2012, the USDA

Nutrient Data Laboratory removed the USDA ORAC Database for Selected

Foods from its website, quoting, “the values indicating antioxidant capacity

have no relevance to the effects of specific bioactive compounds, including

polyphenols on human health” [152]. Nevertheless, the functional role of

polyphenols against oxidative stress had been well documented in different

models [153-157]. Furthermore, despite the precision of any chemical test in
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4.6

4.7

determining the actual bioactivity of polyphenols, the capacity in absorbing a

particular free radical should be obvious from pure chemistry per se. Since

polyphenols present ubiquitously in plant [158] and protect plant tissues against

UV radiation [159], herbivore ingestion, fugal and virus infection [160], it is not

surprised to postulate that the ubiquitous existence also provide anti-oxidative

cushion for the ubiquitously produced, short ranged ROS damage [98], hence,

plays important role in plant survival under abiotic stress.

External supplementation of quercetin lowers salinity-induced symptoms in

both transgenic cells and plants

Since quercetin was shown to interact with GmGSTL1, we attempt to test

whether bound ligand possess any functional role for stress tolerance. It was

observed that the application of quercetin reduced ROS accumulation in BY-2

cells (Fig. 3.18), delayed salinity induced leaf chlorosis (3.19A) and ROS

accumulation in plant (Fig. 3.19B).

Conclusion

In this study, we report the identification of a putative Lambda class GST, we

name the gene GmGSTL1, using soybean varieties which display differential
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salt stress tolerance capability. Two candidate flavonoids, namely quercetin and
kaemferol, from soybean leaf extract were found to bind to the GmGSTL1
protein. Either overexpression of gene transcript or external supplementation of
binding ligand could functionally improve plant tolerance to salinity stress.
Overall, we present molecular and physiological evidence for salinity stress
tolerance, mediated by Lambda class GST through the interaction with

polyphenolic metabolites in plant.
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Appendix — Buffer and medium formulation

10x SSC 1.5 M NaCl, 150 mM sodium citrate, pH 7.0
B5 vitamin 1000x 1g myo-inositol; 100mg thiamine; 10 mg nicotine acid; 10 mg
pyridoxine

BY-2 vitamin 1000x  |0.02g 2,4-dichloropheoucetic acid; 0.05g thiamine; 5.0g

myo-inositol
Detection buffer 100 mM Tris-HCI pH 9.5, 100 mM NaCl
Dulbecco’s PBS 2.7 mM KCI, 1.5 mM KH2PO4, 150 mM NaCl, 8.9 mM

Na2HPO4, pH 7.4

High stringency 0.5x SSC, 0.1% SDS

washing buffer

Homemade buffer QG |6M Guanidine thiocyanate, 50mM Tris-HCI, 20mM EDTA pH

7.5

Homemade buffer QTB [750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol (v/v);

0.15% Triton X-100 (v/v)

LB 25 g/L LB broth

Low stringency washing|2x SSC, 0.1% SDS

buffer
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MS medium (A. 4.3g MS salt; 0.5g MES; 5g sucrose; 1x B5 vitamin; pH 5.7

thaliana) per liter

MS medium (BY-2) per |4.3g MS salt; 30g sucrose; 0.255g KH2PO4; pH 5.0

liter Supplemented with 1x BY-2 vitamin

Pre-hybridization buffer 50% formamide, 5x SSC, 2% blocking solution, 50 mM sodium

phosphate pH 7.0, 0.1% N-lauroylsarcosine, 7% SDS

RNA extraction buffer 200 mM Tris base, 400 mM KCI, 200 mM sucrose, 35 mM

MgCI2, 25 mM EGTA, pH 9.0

YEP 10 g Bacto peptone, 10 g yeast extrat, 5 g NaCl
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