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Beta-glucosidases (B-D-glucopyranosideglucohydrolases, E.C. 3.2.1.21) are
enzymes that hydrolyze glycosidic bonds to release nonreducing terminal glucosyl
residues from glycosides and oligosaccharides. Thirty-fouractive rice B-glucosidase
genes had been identified in the rice genome. Protein sequence based phylogenetic
analysis showed that Os1BGlu4 along with Arabidopsis BGlu42 and Heveabra-
siliensis latex cyanogenic [-glucosidase represented an independent cluster. To help
narrow the possible functions of Os1BGlu4, recombinant Os1BGlu4 (rOs1BGlu4)
was expressed in E. coli Origami B(DE3). The optimized expression conditions
showed that 16 hrs incubation at 20 °C without isopropyl B-D-1-thiogalactopy-
ranoside (IPTG) inducer was the optimum condition for the expression. Biochemical
analyses showed that pH 6.5 and 45 °C were optimum condition for the hydro-
lysis activity of rOs1BGlu4. The rOs1BGlu4 efficiently hydrolyzed B-(1,3)-linked
oligosaccharides of degree of polymerization (DP) 2-3 and B-(1, 4)-linked oligo-
saccharide of DP 3-4. The rOs1BGlu4 can hydrolyze paranitrophenyl-B-D-gluco-
pyranoside (pNPG) and pNP-B-D-fucopyranoside efficiently, based on the kinetic
parameters. Hydrolysis of natural substrates salicin, esculin and para-coumarylalcohol
glucoside by rOs1BGlu4 can be detected by thin layer chromatography (TLC). The

study of pNP-cellobioside sequential hydrolysis showed that the initial hydrolysis was



vV

between the two glucosyl moieties. The transglycosylation studies showed that a high
concentration of pNPG, rOs1BGlu4 has the ability to transfer the glucose group of
PNPG to ethanol and pNPG. The inhibition study revealed that HgCl,, delta-glucono-
lactone and FeCl; strongly inhibited the hydrolysis activity of rOs1BGlu4.

The Oslbglu4 had the highest expression level at the early stage of germi-
nation and decreased gradually to a steady level at 6 day after germination. In terms of
spatial expression, Os1bglu4 had the highest expression in 14 day seedling root, low
expression in shoot and leaf. The transcription pattern analysis of sodium chloride
(NaCl) and polyethylene glycol (PEG) treated plants showed that the expression of
Oslbglu4 increased, but no visible phenotype was observed. The expression of
Os1bglu4 was also highly induced when treated with rice blast, especially in the rice
blast resistant near isogenic line. The Os1bglu4 gene over-expression (oe) and knock-
down transgenic rice were generated. Over-expression of Os1bglu4 gene in rice re-
sulted in enhanced resistance to rice blast infection. Knock-down (RNA1) of Os1bglu4
in rice resulted in decreased resistance to rice blast infection. The expression of Os1-
bglu4 was higher in root with more root hair than that with less root hair. Phenotype
analysis showed that the oe lines had more root hair and the RNAI lines had lower
root hair when compared to wild type rice seedling. These results suggest that Osl-

BGlu4 might play some roles in rice blast defense and root hair formation in rice.
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CHAPTER

INTRODUCTION

1.1 Introduction

Beta-glucosidases (B-D-glucopyranoside glucohydrolases, EC 3.2.1.21) are
enzymes that hydrolyze glycosidic bonds to release nonreducing terminal glucosyl
residues from glycosides and oligosaccharides (Ketudat Cairns and Esen 2010). These
enzymes are found in all kinds of organisms and involved in many fundamental life
activities. The B-glucosidases hydrolyze the glycoside to release the aglycone from
the conjugate. It is the nature of the aglycone that determines the functions of the
B-glucosidase in plants (Ketudat Cairns and Esen 2010). The functions of B-glucosidase
include plant defense (Poulton ef al. 1994, Dakora et al. 1996, Soler-Rivas et al. 2000),
plant-microbe and plant-insect interactions (Zagrobelny et al. 2004, Felton et al. 2008),
cell wall catabolism and lignification (Akiyama et al. 1998, Opassiri et al. 2003), signal
transduction (Matsushima et al. 2003), scent release (Yablonka-Reuveni et al. 1999),
phytohormone conjugate activation (Smith et al. 1978, Zouhar et al. 1999, Lee et al.
2006, Xu et al. 2012) and plant secondary metabolism (Esen 1993, Barleben et al.
2005).

Forty GH1 genes have been identified from rice genomic databases, including 2
possible endophyte genes, 2 likely pseudogenes, 2 gene fragments, and 34 apparently
competent rice glycosidase genes (Opassiri ef al. 2006). The large number of rice GH1

enzymes may reflect different substrate specificity and expression patterns in rice



tissues and/or in response to environmental conditions among the GHI members
(Ketudat Cairns et al. 2010). Amino acid sequence alignment and phylogenetic analysis
of GHI1 proteins between rice, Arabidopsis and other type of plants showed that
B-glucosidases with similar sequences clustered together and tend to inhabit on the
same chromosome. Several experiment results indicated that the proteins in the same
cluster tend to have similar functions (Leah ef al. 1995, Hrmova et al. 1998, Opassiri et
al. 2006).

BGlul (Os3BGlu7), which is highly expressed in flower and germinating shoot
was cloned and characterized. The possible functions of the BGlul protein include
hydrolysis and recycling of oligosaccharides generated from rapid cell wall expansion
during seed germination and flower expansion, and release of the coenzyme pyridoxine
from its glucose-conjugated storage form (Opassiri et al. 2003). The biochemical
characteristics of the BGlul and BGlul homologs, which clustered together, were
compared. Rice BGlul, Os3BGlu8, and Os7BGlu26 hydrolyzed cello-oligosaccharides
with increasing efficiency as the degree of polymerization (DP) increased from 2 to 6
(Kuntothom et al. 2009), while Os4BGlul2 showed little increase in activity with DP
and Os3BGlu6 hydrolyzed disaccharides best (Opassiri et al. 2006, Seshadri 2009).
The Os3BGlu7 and Os3BGlu8 isoenzymes are widely expressed in rice tissues, so they
may be needed for release of glucose from oligosaccharides generated in cell wall
remodeling at various stages of plant development. Since the rice B-glucosidase
isoenzymes mentioned above also hydrolyze plant-derived glycosides, they may play
other roles in the plant as well (Akiyama et al. 1998, Opassiri et al. 2003, Opassiri et al.
2004, Opassiri et al. 2006, Kuntothom et al. 2009).

Among the 34 rice GH1 glycosidase genes, there is only one gene predicted by

bioinformatics to encode a protein without a signal peptide. This protein, Os1BGlu4,



should localize in the cytoplasm and may play an important and unique role in rice.
The EST database search showed that the Os1blgu4 is expressed in rice shoot,

flower and panicle, flower and panicle in drought condition and blast infected 3-week

leaf (Opassiri et al. 2006). The Oslbglu4 has the strongest expression in root and

panicle from EST database http://www.ncbi.nlm.nih.gov/UniGene/ESTProfile Viewer

analysis. The functions of its homologue BGlu42 in Arabidopsis and HB AAP51059
in Hevea brasiliensis have not been reported. So, figuring out the biochemical
characteristics, functions and localization of the Os1BGlu4 will significantly increase
to the knowledge of GHI enzyme in plants, including its homologues AtBGlu42
and HB AAP51059. The knowledge may be useful for rice breeding and enzyme

engineering.

1.2 Significance of the study

Thirty-four GH1 B-glucosidase-like enzymes have been identified in genomic
sequences from rice. However, only a small number of these enzymes have been
studied. A comprehensive approach is needed to study rice B-glucosidases in order to
associate each of them with the physiological role that it plays in the plant, and to
determine the precise substrate specificity in relation to the enzyme sequences and
structures. The understanding of the biochemistry and mechanistic fundamentals of
these enzymes can enrich the knowledge of glycoside hydrolases, which could be
applied to the enzyme engineering. Possible applications include conversion of
cellulosic biomass, an inexpensive renewable resource, into sugar derived high-value

product, and crop breeding to improve the agronomic traits of crops.



1.3 Research objectives

1. To functionally express recombinant rice B-glucosidase Os1BGlu4 in
Escherichia coli.

2. To purify the recombinant Os1BGlu4 and characterize the specific activities
in terms of substrate-specificity and other important biochemical properties.

3. To study kinetics parameters of the recombinant rice Os1BGlu4 for
hydrolysis of synthetic and natural substrates.

4. To generate transgenic rice with overexpression and knock down of the
Oslbglu4 gene in order to elucidate the biological functions of this enzyme in rice
plants.

5. To determine the transcription pattern of the Os/bglu4 gene.

6. To determine the localization of the Os1BGlu4 protein at the subcellular

level.
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CHAPTER 11

REVIEW OF LITERATURE

2.1 B-Glucosidases

2.1.1 Overview of B-glucosidases

B-Glucosidases (EC 3.2.1.21) are glycoside hydrolases (GH) which are
found widely in all types of organisms (bacteria, archaea, and eukaryote). They play
important roles in fundamental biological processes (Esen 1993). These enzymes
hydrolyze the B-O-glycosidic bond at the anomeric carbon of glucosyl moieties, at the
nonreducing end of carbohydrate or glycoside molecules.

According to the amino acid sequence similarity, glycoside hydrolases
have been classfied into 95 families in 1997 (Henrissat ef al. 1997), but the number
of families increased steadily as the research moved on, so that 131 sequence-
based families of GHs have been defined in the continuously updated CAZy (http://
www.cazy.org.) in October 2012. The GH1, GHS, and GH30 B-glucosidases fall in GH
Clan A, which possess the same tertiary structure which are (P/a)s-barrel with the
catalytic acid/base on the C-terminal end of B-strands 4 and catalytic nucleophile on
B-strand 7 (Henrissat et al. 1995, Jenkins et al. 1995). Catalysis by GH1 B-glucosidases
involves these two catalytically active glutamic acid residues that are embedded in
highly conserved TFNEP (catalytic acid/base) and I/'VTENG (catalytic nucleophile)
peptide motifs (Xu et al. 2004). These amino acid residues are important in catalysis

and make up part of a crater-shaped active site (Henrissat et al. 1995, Czjzek et al. 2000).



2.1.2 Glycosides in plant

Glycosides are widely distributed throughout the plant and crucial to the
physiological function of GHI enzymes. Glycosides are inactive forms of many
aglycones in plants, in which glycosylation can increase the solubility, stability
and allow high accumulation in organelles like vacuoles (Esen 1993). So far, various
glycosides have been reported to be hydrolyzed by plant B-glucosidases, including
the defense-related glucosides, eg. linamarin, dhurrin, prunasin, and its precursor amy-
gdalin, 2-O-B-D-glucopyranosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIM-
BOAGIc) and the flavonoids apigenin 7-O-B-D-glucoside, diadzin and genistin, and
phloridzin (Hsieh ef al. 2001, Chuankhayan et al. 2005), the monolignol B-glucosides,
coniferin and para coumaryl alcohol (Escamilla-Trevifio et al. 2006), the phyto-
hormones, abscissic acid-B-D-glucosyl ester, salicin and indoxyl B-D-glucoside, pyri-
doxin glucoside, the monoterpene alkaloid strictosidine, cell-wall-related oligosac-
charides, eg, cellobiose, cellotriose, laminaribiose, laminaritriose (Hrmova ef al. 1996,
Akiyama et al. 1998), hydroxamic acid glucoside (Niemeyer 1988, Cicek et al. 1998,
Sue et al. 2000). The structure of some glucoside compounds are shown in Figure 2.1.

The major glycosides found in various tissues of rice include glycosyl-
sterols, flavonoid glucosides, hormone glucosides, a vitamin glucoside, and pantonic
acid glucoside glycosylsterols, flavonoid glucosides, hormone glucosides, vitamin
glucoside, and pantonic acid glucoside (Opassiri et al. 2006). Flavonoid glucosides
is one of the major groups of compounds found in rice, including mainly anthocyanins
(Ichikawa et al. 2001, Hu et al. 2003, Irakli ef al. 2012, Lee et al. 2012, Matsuda et al.
2012), tricin-O-glucoside (Chung et al. 2005, Duarte-Almeida et al. 2007, Matsuda

et al. 2012), the phenolic compounds addressed above possess antioxidant, anticancer
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and antiviral biological activities as free radical scavengers and protein kinase C
inhibitors (Ichikawa et al. 2001, Hu et al. 2003, Tian et al. 2005, Park et al. 2012,
Soi-ampornkul et al. 2012).

Several phytohormone glucosides have been found in rice, including many
kinds of gibberellin glucosides (Schliemann 1984, Hasegawa et al. 1994), salicylic
glucosides (Chern et al. 2005), pyridoxine glycosides (Tadera et al. 1988, Opassiri et al.
2004), cytokinin O-glucosides (Kudo et al. 2012) and IAA-glucosiyl ester (Ruo-Zhong
et al., Morino et al. 2005).

Salicylic acid glucoside was found to play a role as a reservoir for free
salicylic acid (Seo et al. 1995, Hennig et al. 2002) and salicylic acid glucoside levels
may serve as a key factor in activating the rice defenses necessary for chemically
induced disease resistance against blast fungus pathogens, and salicylic acid glucoside
possibly contributes to systemic acquired resistance by serving as a natural regulator in
rice plants (Iwai et al. 2007). Furthermore, endogenous salicylic acid was found to
protect rice from oxidative damage caused by aging, as well as by biotic and abiotic

stresses (Yang et al. 2004).
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Figure 2.1 Structures of example B-glucosidase substrates. The plant cyanogenic
glucosides linamarin, dhurrin, prunasin, and its precursor amygdalin.
Other defense-related glycosides include 2-O-B-D-gluco-pyranosyl-4
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vornoids apigenin 7-O-B-D-glucoside, the isoflavonoids diadzin and
genistin, and phloridzin. Coniferin and coumaryl alcohol represent
monolignol B-glucosides, while abscissic acid glucosyl ester is a
phytohormone glucoconjugate and salicin and indoxyl-B-D-glucoside
are other plant glycosides with similarity to phytohormones. Stricto-
sidine is the metabolic precursor to a wide array of monoterpene alka-
loids. Cellobiose and laminaribiose represent plant cell-wall-derived
oligosaccharides and can be extended with the same linkage to give
the corres- ponding triose, tetraose, etc. In the lower right is an example
of a glucosyl ceramide, one of the substrates for human acid B-gluco-
sidase (GBA1) and other mammalian B-glucosidases (Ketudat Cairns and

Esen 2010).

2.1.3 Functions of p-glucosidases in plants

B-Glucosidases have a variety of functions in plants, including cell wall
remodeling, lignification, activation of metabolic intermediates, chemical defense,
plant-microbe interactions, phytohormone activation, and release of volatiles from their
glycosides (Ketudat Cairns and Esen 2010). They fulfill these roles by hydrolyzing
the glycosidic bond at the nonreducing end of a glycoside or an oligosaccharide,
thereby releasing the aglycones from the inactive glucosides. It is the nature of the
aglycone that accounts for most of the physiological functions of B-glucosidases. The
functions of aglycones released from the glycoside may be a monolignol to form the
lignin (Dharmawardhana et al. 1995, Chapelle et al. 2012), a toxic compound to defend

against pathogens and herbivores (Poulton 1990, Dakora et al. 1996, Mizutani et al.
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2002, Morant et al. 2008), an active phytohormone to regulate the growth of the plant
(Smith et al. 1978, Brzobohaty et al. 1993, Zouhar et al. 1999, Lee et al. 2006), a
reactive metabolic intermediate to form further product (Esen 1993, Barleben et al.
2005), a volatile scent compound (Yablonka-Reuveni et al. 1999) or monosaccharides
released from hydrolysis of the cell wall polysaccharide for reuse (Leah et al. 1995,
Akiyama et al. 1998, Opassiri ef al. 2003).

In defense against pathogens and herbivores, B-glucosidases act by re-
leasing toxic defense compounds, such as hydrogen cyanide, isoflavones, and flavor-
noids produced by hydrolysis of their glucosides (Poulton et al. 1994, Dakora and
Phillips 1996) and by releasing induced factors, such as volatiles that attract parasitoids
of the herbivores to attack them (Mattiacci et al. 1995). In white clover, B-glucosidase
is responsible for the cleavage of cyanogenic glucosides from leaf tissue after
mechanical damage (Barrett ef al. 1995). In maize, B-glucosidase is believed to act in
defense against pests by releasing a toxic aglycone from the abundant natural
B-glucoside-2-glucopyranosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBO-
AGlc), which occurs mostly in young seedling parts of maize at millimolar
concentrations (Babcock ef al. 1994). The aglycone of DIMBOAGIc is DIMBOA, and
it is the major defense compound in maize against aphids, the European corn borer and
other pests (Kahler et al. 1986, Massardo et al. 1994). In olive leaf and fruit,
B-glucosidase cleaves the oleuopein, a bitter phenol glucoside, to release an active
aglycone in defense against pathogens (Amiot et al. 1989, Soler-Rivas et al. 2000).
B-Glucosidase regulate the biological activity of plant phytohormones, such as cyto-
kinins, gibberellins, auxins, salicylic acid and abscisic acids by releasing active forms
from inactive hormone glucoside conjugates (Smith and Van Staden 1978, Schliemann

et al. 1984, Zouhar et al. 1999). B-Glucosidases are also critical for activation of lignin
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precursors by the hydrolysis of coniferin glycoside to the monolignol coniferyl alcohol
(Dharmawardhana et al. 1995, Escamilla-Trevifo et al. 2006). B-Glucosidases have
also been reported to act in the depolymerization process of plant cell wall. Rice and
barley pB-glucosidases could hydrolyze cell wall hydrolysis products, including
cellobiose, laminaribiose and other short-chain gluco-oligosaccharides (Leah et al.
1995, Akiyama et al. 1998, Opassiri et al. 2003). B-Glucosidases release molecules that
act as intermediates during metabolic processes, such as of strictosidine, an interme-
diate in the synthesis of monoterpenoid indole alkaloids (Esen 1993, Barleben et al.
2005).

It seems evident that the substrate specificity, localization of the enzymes
with respect to potential substrates, and the function of the substrates will determine the

roles of these enzymes in living cells (Ketudat Cairns and Esen 2010).

2.1.4 Glycoside hydrolysis family 1

Glycoside hydrolysis famliy 1 enzymes were classified into many
subfamilies, depending on their amino acid sequences. Despites the sequence similarity,
these subfamilies display a wide range of activities, including phospho--galacto-
sidases, B-galactosidases, f-mannosidases, phospho-p-glucosidases, hydroxyisourate
hydrolase, myrosinases, disaccharidases and thioglucosidases besides B-glucosidases
(Ketudat Cairns and Esen 2010). Some GH1 enzymes are capable of releasing multiple
kinds of sugars from aglycones (Hosel et al. 1975, Chuankhayan et al. 2005). By
contrast, some GH1 enzymes have high specificity for glucosides or fucosides, or may
hydrolyze other glycosides, such as B-galactosides, f-mannosides, and B-xylosides, as

well (Mizutani et al. 2002). Obviously, plant family 1 glycoside hydrolases show a
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range of glycone specificities (Opassiri et al. 2006). Plant GH1 enzymes tend to show
high specificity for their aglycones, though many hydrolyze synthetic, nonphysio-
logical substrates, like p-nitrophenol (pNP)-B-glycosides. The aglycones span a wide
range of structures, including hydroxaminic acids, isoflavonoids, rotenoids, alkaloids,
hydroxyquinones, cyanogenic nitriles, etc. (Opassiri et al. 2006).

Forty-eight GH1 genes were identified from Arabidopsis thaliana genome
(Xu et al. 2004). Later, forty GH1 genes were identified from rice databases, including
2 possible endophyte genes, 2 likely pseudogenes, 2 gene fragments, and 34 apparently
competent rice glycosidase genes (Opassiri et al. 2006). The large size of both rice and
Arabidopsis GHI may reflect different substrate specificity and expression patterns in
plant tissues and/or in response to environmental conditions (Ketudat-Cairns and Esen
2010).

Amino acid sequence alignment and phylogenetic analysis of GH1 proteins
showed that many closely related members are located on the same chromosome.
Comparison between rice and Arabidopsis GH1 members revealed that 8 clearly
distinct clusters of plant-like GHI genes (marked 1 to 8 in Figure 2.2) contain both
Arabidopsis and rice genes that are clearly more closely related to each other than to
other GH1 genes within their own species (Opassiri et al. 2006).

Phylogenetic analysis of rice GH1 members with other plant enzymes
showed that some rice and Arabidopsis members that are clustered in the same groups
were found to be closely related to B-glucosidases from other plants (Figure 2.3).
For example, Os4BGlul4, Os4BGlul6 and Os4BGlul8, which cluster with Arabi-
dopsis BGLU45, 46 and 47, are grouped with Pinus contorta coniferin/syringing

B-glucosidase (PC AAC69619), suggesting that they may be involved in lignification.



16

Later, recombinantly expressed Arabidopsis BGLU45 and BGLU46 have been shown
to hydrolyze lignin precursors (Escamilla-Trevifio et al. 2006). Os1BGlul, Os3BGlu7,
0Os3BGIlu8, Os7BGlu26 and Os12BGlu38 B-glucosidases clearly grouped with barley
BGQ60 B-glucosidase/B-mannosidase (Leah ef al. 1995, Hrmova ef al. 1998). Kinetic
analysis showed that the hydrolytic activity of Os3BGlu7 toward B-linked glucose
oligosaccharides is similar to that of the barley enzyme (Opassiri et al. 2004).

All the above analyses suggest that the same cluster may have the similar
functions, so it is advisable and economical to clarify the function of one representative

gene to help understand the functions of the whole cluster of genes.
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Figure 2.2 Phylogenetic tree of predicted protein sequences of rice and Arabidopsis
Glycoside Hydrolase Family 1 genes. The tree was derived by the
Neighbor-joining method from the protein sequence alignment made with

Clustalx with default settings, followed by manual adjustment. Large gap
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regions were removed for the tree calculation. The tree is drawn as an
unrooted tree, but is rooted by the outgroup, Os11bglu36, for the other
sequences. The boot-strap values are shown at the nodes. The clusters
supported by a maximum parsimony analysis are shown as bold lines, and
the loss and gain of introns are shown as open and closed diamonds,
respectively. The 7 clusters that contain both Arabidopsis and rice
sequences that are clearly more closely related to each other than to other
Arabidopsis or rice sequences outside the cluster are numbered 1-7, while
the outgroup cluster for which the Arabidopsis orthologue is not shown is
numbered (8). Two Arabidopsis clusters that are more distantly diverged
from the clusters containing both rice and Arabidopsis are numbered At I
and At II, while rice genes and groups of genes that appear to have
diverged before subclusters containing both rice and Arabidopsis are

marked with stars (Copied from Opassiri et al. 2006).
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were aligned with ClustalX, then manually adjusted, followed by removal
of N-terminal, C-terminal and large gap regions to build the data model.
The tree was produced by the neighbor joining method and analyzed
with 1000 bootstrap replicates. The internal branches supported by
a maximum parsimony tree made from the same sequences are shown
as bold lines. The sequences other than rice include: ME AAB7138]1,
Manihot esculenta linamarase; RSMyr BAB17226, Raphanus sativus
myrosinase; BIJMyr AAG54074, Brassica juncea myrosinase; BN
CAAS57913, Brassica napus zeatin-O-glucoside-degrading B-glucosi-
dase; HB AAO49267, Hevea brasiliensis rubber tree B-glucosidase; CS
BAA11831, Costus speciosus furostanol glycoside 26-O-B-gluco-
sidase (F26G); PS AAL39079 Prunus serotina prunasin hydrolase
isoform PHB precursor; PA AAA91166, Prunus avium ripening fruit
B-glucosidase; TR CAA40057, Trifolium repens white clover lina-
marase; CA CACO08209, Cicer arietinum epicotyl B-glucosidase with
expression modified by osmotic stress; DC AAF04007, Dalbergia
cochinchinensis ~ dalcochinin  8'-O-B-glucoside  B-glucosidase; PT
BAA78708, Polygonum tinctorium B-glucosidase; DL CAB38854,
Digitalis lanata cardenolide 16-O-glucohydrolase; OE AAL93619,
Olea europaca subsp. europaca [-glucosidase; CR AAF28800,
Catharanthus roseus strictosidine [-glucosidase; RS AAF03675,
Rauvolfia serpentina raucaftricine-O-B-D-glucosidase; CP AAG25897,
Cucurbita pepo silverleaf whitefly induced protein 3; AS CAA55196,
Avena sativa B-glucosidase; SC AAG00614, Secale cereale B-glucosidase;

ZM AAB03266, Zea mays cytokinin B-glucosidase; ZM AAD09850, Zea
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mays PB-glucosidase; SB AAC49177, Sorghum bicolor dhurrinase; LE
AAL37714, Lycopersicon esculentum B-mannosidase; HV AAA87339,
barley BGQ60 B-glucosidase; HB AAP51059, Hevea brasiliensis latex
cyanogenic B-glucosidase; PC AAC69619 Pinus contorta coniferin
B-glucosidase; GM AAL92115, Glycine max hydroxyisourate hydrolase;
CS BAC78656, Camellia sinensis PB-primeverosidase. Os1BGlu4, the

enzyme of this study is boxed (modified from Opassiri et al. 2006).

2.1.5 Rice pB-glucosidases

Bioinformatics analysis indicated that all of the rice B-glucosidase ORFs,
except Oslbglud and Osbglu39, were predicted to have signal peptides ranging in
length from 18 to 44 amino acids, which would target them to the secretory pathway.
The predicted cellular locations for rice B-glucosidases included the cell exterior,
cytoplasm, peroxisome, vacuole, ER lumen, ER membrane, plasma membrane, and
mitochondrial matrix. Predicted precursor protein lengths vary from 458-647 amino
acids, which correspond to protein molecular weights of 55.3 to 73.2 kD. Isoelectric
points (pl) of predicted proteins are divided into 3 groups, acidic (4.96—6.66), neutral
(6.99-7.78), and basic (8.36-8.96) and 21 of 34 of these proteins are in the acidic group.
All rice GHI members except Os1BGlu4 were predicted to contain one to six N-linked
glycosylation sites. The protein properties predicted for the rice GH1 members are
similar to Arabidopsis GH1 proteins in the average numbers of glycosylation sites, pl
and predicted MW of precursor proteins and mature proteins (Opassiri et al. 2006).

In 1973, rice B-glucosidase activity against the synthetic substrate pNP-
B-D-glucoside was reported (Palmiano et al. 1973). Later, partially purified rice

B-glucosidases were shown to hydrolyze gibberellin glucosides (Schliemann 1984).
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A B-glucosidase was reported to hydrolyze the derivative of pantoic acid, R (-)
pantoyllactone-B-D-glucopyranoside from rice seedlings (Menegus et al. 1995).
Thorough characterization was later done for a rice cell wall-bound B-glucosidase
and Os3BGlu7 (BGlul) B-glucosidases cloned from rice seedlings (Akiyama et al.
1998, Opassiri et al. 2003, Opassiri et al. 2004). Later, the Os3BGlu7 B-glucosidase
was found to hydrolyze [-1,4-linked oligosaccharides with increasing catalytic
efficiency (k.. /K,,) values as the degree of polymerization (DP) increased from 2 to 6
(Opassiri et al. 2004). In contrast, hydrolysis of [B-1,3-linked oligosaccharides
decreased from DP 2 to 3, and polymers with a DP greater than 3 were not hydrolyzed.
The enzyme also hydrolysed p-nitrophenyl B-D-glycosides and some natural
glucosides but with lower catalytic efficiency than p-linked oligosaccharides.
Pyridoxine 5-O-B-D-glucoside was the most efficiently hydrolysed natural glycoside
tested. Os3BGlu7 also had high transglucosylation activity towards pyridoxine,
producing pyridoxine 5’-O-B-D-glucopyranoside in the presence of the glucose donor
p-nitrophenyl-B-D-glucoside. Besides, rice Os3BGlu7, Os3BGlu8, and Os7BGlu26
hydrolyzed cello-oligosaccharides with increasing efficiency as the degree of
polymerization (DP) increased from 2 to 6, while Os4BGlul2 showed little increase in
activity with DP and Os3BGlu6 hydrolyzed disaccharides best. The Os3BGlu7 and
Os3BGlu8 isoenzymes are widely expressed in rice tissues, so they may be needed for
release of glucose from oligosaccharides generated in cell wall remodeling at various
stages of plant development (Ketudat Cairns and Esen 2010). The Os4BGlul2 was
found to be a cell wall-bound enzyme, the cDNA of the Os4BGlul2 gene was isolated
by RT-PCR from rice seedlings, a thioredoxin-Os4BGlul2 fusion protein expressed
in E. coli efficiently hydrolyzed B-(1, 4)-linked oligosaccharides of 3-6 glucose
residues and laminaribiose (Opassiri et al. 2006). Later, rice Os4BGlul2 was found

to be a wound-induced [B-glucosidase that hydrolyzes cell wall-f-glucan-derived
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oligosaccharides and glycosides (Opassiri et al. 2010). The structure of rice BGlul
B-glucosidase has been solved at 2.2 A resolution. The structures were similar to the
known structures of other glycosyl hydrolase family 1 (GH1) B-glucosidases, but
showed several differences in the loops around the active site, which lead to an open
active site with a narrow slot at the bottom, compatible with the hydrolysis of long
B-1,4-linked oligosaccharides (Chuenchor et al. 2010). The crystal structure of
0s3BGlu6 was solved at 1.83A. The side chain of methionine-251 in the mouth of the
active site appeared to block the binding of extended [-(1/4)-linked oligosaccharides
and interact with the hydrophobic aglycone of n-octyl-B-D-thioglucopyranoside
(Seshadri et al. 2009). Besides, the crystal structure of Os4BGlul2 was solved at 2.50
A resolution, the result showed that the overall structure of rice Os4BGlu12 is typical of

GHI1 enzymes (Sansenya et al. 2011).

2.2 Recombinant B-glucosidase expression

Availability of highly purified B-glucosidase is a basic requirement for analysis
of enzyme kinetics and structure function relationships. However, there are many
factors that affect soluble recombinant B-glucosidase expression, such as temperature,
chaperonin proteins, induction time and IPTG application and expression host strains.

It has also been suggested that an increasing growth temperature is one
parameter to promote aggregation of a recombinant protein as an inclusion body
(Strandberg et al. 1991, Chrunyk et al. 1993). Cicek and Esen (2000) expressed the
maize B-glucosidases, rGlul and rGlu2, from the pET21 vector in E. coli strain BL21
pLysS and indicated that a higher percentage of total expressed B-glucosidase was
soluble when the cultures were grown and induced at room temperature (25 °C) than at

37 °C. Higher temperatures (30 °C and 37 °C) did not favor production of higher active
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protein, while lower temperatures (20 °C and 25 °C) favored production of Os3BGlu6
in the active form (Seshadri 2008). Appropriate induction temperature promoted the
correct folding of the protein (Dinner ef al. 1999) and increased the percentage of
the soluble protein. So far, many B-glucosidases have been produced and induced at
20-30 °C (Opassiri et al. 2003, Opassiri et al. 2004, Opassiri et al. 2007, Chuenchor et
al. 2008, Kuntothom et al. 2009, Seshadri et al. 2009, Opassiri et al. 2010).

It has been demonstrated that the folding of many proteins can be facilitated by
proteins called molecular chaperones, and the aggregation of overexpressed protein
may be prevented by fusion with small protein molecules, such as Thioredoxin (Trx),
Glutathione S-transferase (GST), Maltose binding protein (MBP), The Escherichia coli
heat shock protein complex (GroEL/ES) and small ubiquitin-like modifier (SUMO), as
has been reported for several proteins (Liu et al. 2005, Purbey et al. 2006). Among
these small proteins, the Trx, in the pET32 vector system, has been extensively used in
the expression of B-glucosidases (Cicek and Esen 1998, Opassiri et al. 2003, Opassiri et
al. 2006, Opassiri et al. 2007, Kuntothom et al. 2009, Gomez et al. 2010, Zhang et al.
2011).

In the expression of recombinant protein using the pET systems, IPTG
should be added into the medium so the Lac operon can initiate the expression
of T7 polymerase. However, different IPTG concentrations result in variable amounts
of active protein. Many beta-glucosidases, for example Os3BGIlu8, Os3BGlu7,
Os7BGlu26, Os4BGlul2, can be induced to express at the IPTG concentration
from 0.1 mM to 0.5 mM. There were no significant differences in the activity of
Trx-Os4bglul2 expressed in E. coli in the presence of 0.1-0.5 mM IPTG at 20, 25
and 30 °C, for 8-16 hr. The expression of pET32a(+)-bglul (BGlul) was induced in the

presence of 0.4 mM IPTG, at 20 °C for 8 hr (Opassiri et al. 2003). Strangely, in the
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expression of rice Os3BGlu6, after 16 hr of incubation at 20 °C, soluble extracts
of induced cells with 0.4 mM IPTG and with no addition of IPTG had similar
B-glucosidase activity, which means the protein can be expressed well even without the
IPTG inducer (Seshadri 2008).

Many E. coli strains can be used as the host strains for pET vector protein
expression system, such as BL21(DE3), Origami(DE3), Origami B(DE3), Rosetta-
(DE3), Rosettagami(DE3). Amonog these E. coli strains, Origami(DE3) had been
used for expressing Os3BGlu7, Os3BGlu8 and Os7BGlu26 (Kuntothom et al. 2009).
OrigamiB (DE3) had been used for the expression of Os4BGlul2 and GH5BG
(Opassiri et al. 2006, Chantarangsee et al. 2007, Opassiri et al. 2007). The E. coli
strain Rosetta(DE3) was used for the expression of two intracellular B-glucosidases
belonging to the glycoside hydrolase family 1 from the basidiomycete Phanerochaete

chrysosporium (Tsukada et al. 2006).

2.3 RNAI technique

RNA interference (RNAi) is an RNA-dependent gene silencing process
initiated by the double-stranded RNA (dsRNA), also known as post transcriptional
gene silencing (PTGS) in plants. The enzyme dicer trims the dsRNA into short
fragments of 21-25 base pairs, namely small interfering RNA strands (siRNA), and
degrades its homologous mRNA and thus inhibits the expression of target genes (Fire et
al. 1998, Fire 1999). When a double-stranded RNA of the gene of interest is formed
and introduced into a cell or organism, where it is recognized as exogenous genetic
material, it induces the RNAI reaction. Using this mechanism, a dramatic decrease in

the expression of a targeted gene can be achieved. Studying the effects of this decrease
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can show the physiological role of the gene product (Hoffmann et al. 2006). Since
RNAi may not totally abolish expression of the gene, this technique is sometimes
referred as a "knock down", to distinguish it from "knock out" procedures in which
expression of a gene is entirely eliminated (Voorhoeve et al. 2003). Knock down the
expression of target genes can be achieved by expressing dsRNA through stable or
transient transformation with RNAi constructs (Wesley et al. 2001, Zentella et al. 2002,
Miki et al. 2004).

The selective and robust effect of RNAi on gene expression makes it a valuable
research tool widely applied to study gene function. With the completion of the entire
rice genome sequences, RNA1 provides a powerful approach for functional genomics
study and genetic improvement of rice (Leung et al. 2004, Crane et al. 2007).

The pOpOff2 vector allows dexamethasone-inducible RNAi against plant
genes was reported (Wielopolska et al. 2005). The pOpOftf2 vector utilizes a
modified pHELLSGATE vector, under the control of the pOp6 promoter, and the
synthetic transcription factor, LhGR (Wielopolska et al. 2005). The production of
RNAi-inducing hairpin RNA from this system can be regulated by the application and
removal of dexamethasone. Silencing of a target gene encoding phytoene desaturase in
Arabidopsis was highly effective 24 hr after application of dexamethasone. In the
presence of the hormone silencing was maintained for at least 5 days, while removal of
the inducer resulted in significant recovery within 24 hr (Wielopolska et al. 2005).
Insertion of target gene sequences into this vector is mediated by GATEWAY™
recombination, facilitating the use for high-throughput applications, such as gene
discovery or validation. The inducibility of RNAi from this system may be useful in

helping to identify the functions of genes which when constitutively silenced give
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embryo lethality or pleiotropic phenotypes (Wielopolska et al. 2005). So, in this
research, the RNAI technique using pOpOff2 RNAi vector was adopted to determine

the function of Os1bglu4.

2.4 Agrobacterium mediated rice transformation

Agrobacterium EHA105 is “super-virulence” strain and has been reported to
be effective for rice transformation (Cao et al. 1998, Cheng et al. 1998, He et al. 2008).
Many research papers have proven the success of rice transformation by this
Agrobacterium strain (Trick ef al. 1998, Yamada et al. 2001, Yancheva et al. 2006, Jin
et al. 2007). Therefore, Agrobacterium strain EHA105 was used to construct the
transgenic plants in this research.

The first reliable Agrobacterium-mediated transformation system for rice
was reported in 1994 (Hiei et al. 1994). Since then, efficient transformation and
regeneration of O. sativa L. japonica varieties have been reported widely (Abe et al.
1986, Aldemita et al. 1996, Zhang et al. 1997, Gelvin 2003). However, tissue browning
and necrosis following Agrobacterium infection is still a critical problem in genetic
transformation in rice. Many factors, such as rice variety, binary vector, selectable
marker gene and promoter, inoculation and co-culture conditions, medium, desiccation,
Agrobacterium density and surfactants were found to affect the recovery of stably
transformed plant cells after Agrobacterium infection (Cheng et al. 2004). Many
efforts have been conducted to improve the efficiency of transformation (Toki 1997,
Toki et al. 2006, Zhao et al. 2011, Chen 2012, Chen et al. 2012, Duan et al. 2012,
Ozawa 2012). The competency of scutellum tissue from 1-day pre-cultured seeds for

Agrobacterium-mediated transformation was reported; early infection of rice seeds
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with Agrobacterium enhanced efficient selection of transformed calli. Transgenic rice
plantlets were successfully regenerated within a month from the start of the aseptic
culture of mature seeds (Toki ef al. 2006). This protocol was adopted to use for rice

transformation in this research.

2.5 Reporter gene application

GUS is encoded by the E. coli uidA gene (Jefferson et al. 1987), has a molecular
weight of 68.2 kDa. 5-Bromo-4-chloro-3-indolyl glucuronide (X-Gluc) is the typical
substrate for histochemical localization of B-glucuronidase activity in tissues and cell.
The indolyl derivative produced from glucuronidase activity on X-Gluc must undergo
an oxidative dimerization to form an insoluble and highly colored indigo dye which can
be visualized. GUS staining can be used to acess the activity of the promoter, to
determine where and how strong the promoter is expressed. For example, The AtBGl
upstream region was placed in front of the B-glucuronidase (GUS) coding region, and
the resulting construct was introduced into plants, GUS expression was detected in seed
cells. In vegetative tissues, GUS expression was low and highly specific to hydathodes
of rosette and cauline leaves, and dehydration stress strongly induced GUS expression
in hydathodes and the vasculature of rosette and cauline leaves, suggesting that AtBG1
participates in drought response (Lee et al. 2006). Ning et al. 2010 fused DSM1 gene
promoter with GUS, the expression patterns in transgenic rice plants was checked. The
result indicated that GUS staining was detected in hull, pistil, stamen, root, and mature
leaves. In this study, the GUS staining was used to assess the activity of pOp6 promoter
in transgenic rice.

Green fluorescent proteins (GFPs) are a unique type of protein involved in
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the bioluminescence of many jellyfish (Prendergast et al. 1978). The GFP from
Aequorea victoria is a 26.9 kDa protein (238 amino acid) which can fluoresce green
upon excitation with blue light (Prasher et al. 1992). Native GFP from A. victoria
absorbs optimally at 395 nm and emits at 509 nm (Gilroy 1997). The GFP gene can be
introduced into organisms and maintained in their genome through breeding, injection
with a viral vector, or cell transformation (Chudakov et al. 2005, Baker et al. 2008, Joo
et al. 2008). Tagging proteins with GFP is as simple as attaching the gene for GFP to
one end of the gene that encodes a protein of interest. Normally, the resulting GFP
fusion protein behaves in the same way as the original protein (Inouye et al. 1994), and
its movement can be monitored by following its fluorescence inside the cell by
fluorescent microscopy (Yuste 2005). Today large numbers of proteins are being
tracked in living cells by this method (Llopis et al. 1998, Chen et al. 2006, Ozawa 2009,
Du et al. 2010, Chen et al. 2011, Yi et al. 2011, Ding et al. 2012).

With the aim of providing tools for high throughput gene analysis, pMDC83, a
vector derived from pCambia T-DNA cloning vectors, was designed for Agrobacterium
mediated transformation of a wide range of plant species. The pMDCS83 vector is a
Gateway-compatible Agrobacterium binary vector that facilitates fast and reliable DNA
cloning drived by the 35S promoter. The GFP protein was designed to be fused at the C
terminal of the target protein. The subcellular localization of the protein can be traced in
the transgenic cells (Curtis et al. 2003). In this research, the pMDCS83 vector was

adopted to achieve the Os1bglu4 gene overexpression and subcellular localization.

2.6 Real time PCR technique

The profile of mRNA transcription has become a frequent research field in

recent years. Changes in mRNA transcription levels are crucial to many developmental
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processes (Mackay et al. 2002). The quantification of mRNA becomes indispensable
procedure in biological research. Common methods for RNA detection include:
northern blotting, in situ hybridisation, qualitative RT-PCR, RNase protection assay,
competitive RT-PCR, microarray analysis, and quantitative real-time PCR (qPCR). The
qPCR has become the most popular method for quantification of mRNA transcription
levels in recent years due to its outstanding accuracy, broad dynamic range, and
sensitivity. Moreover, qPCR is fast, easy to use, and highly reproducible, requiring
a minimal amount of RNA and no post-PCR handling, and it avoids the use of
radioactivity (Bustin 2002, Ginzinger 2002, Wong et al. 2005).

The real-time reverse transcription polymerase chain reaction (qRT-PCR)
combines the nucleic acid amplification and detection steps into one homogeneous
assay and obviates the need for gel electrophoresis to detect amplification products
(Bustin et al. 2005).

Many reference genes have been studied to select the reference gene with stable
expression under various environment conditions and across all tissue samples
(Radoni¢ et al. 2004). Normally, housekeeping genes are selected as the reference
gene, for example, 18S Ribosomal RNA (/8S rRNA), 25S Ribosomal RNA (258
rRNA), ubiquitin-conjugating enzyme E2 (UBC), ubiquitin 5 (UBI 5), ubiquitin 10
(UBI 10), actin 11 (ACT 11), eukaryotic elongation factor 1-alpha (eEF-1a), glyceral
dehyde-3-phosphate dehydrogenase (GAPDH), eukaryotic initiation factor 4a (elF-4a),
and B-tubulin (f-TUB) (Schmittgen et al. 2000, Bas et al. 2004, Jain et al. 2006,
Infante et al. 2008, Komiya et al. 2008, Hu et al. 2009). Among these reference genes,
the actin gene showed the most stable expression among almost all the tested samples
from two rice varieties, including different temporal and spatial specific tissues,

especially in seeds at different developmental stages (Qi et al. 2002, Ma et al. 2006,
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Caldana et al. 2007, Li et al. 2010). However, some researchers find that actin is not
that stable in some conditions and suggest that ubiquitin is a better reference gene than
actin (Jain et al. 2006). Ubiquitin reference gene has been used extensively as a
reference gene in recent years (Miki et al. 2005, Sayler et al. 2007, Tamaki et al. 2007,
Yu et al. 2007, Jiao et al. 2010). However, the uses of more than one reference gene
were strongly recommended (Radoni¢ et al. 2004, Reid et al. 2006, Tong et al. 2009).

In this study, both ubiquitin and actin were used as reference genes.
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CHAPTER 111
RECOMBINANT EXPRESSION AND BIOCHEMICAL
CHARACTERIZATION OF RICE B-GLUCOSIDASE

Os1BGlu4

3.1 Abstract

The coding sequence of the Oslbglu4 B-glucosidase gene was amplified
from a cDNA library of rice seedlings, and subcloned into the pET32a(+) E. coli
expression vector, the recombinant pET32a(+) was transformed into the E.coli strain
OrigamiB(DE3). Sequence analysis showed that the mature Os1BGlu4 included 483
amino acids, and suggested its subcellular localization is in the cytoplasm. The
recombinant Thioredoxin-6Histidine-Os1BGlu4 (Trx-His6-rOs1BGlu4) fusion protein
was functionally expressed. The expression conditions were optimized; the result
showed that 16 hr incubation at 20 °C without IPTG inducer was the best condition
to express the Trx-His6-rOs1BGlu4. The Trx-His6-rOs1BGlu4 was purified by im-
mobilized metal affinity chromatography (IMAC), and the thioredoxin was cut from
the Trx-His6-rOs1BGlu4 to release the rOs1BGlu4. The purified rOs1BGlu4 was used
to determine its biochemical characteristics. The result showed that the optimum pH
for hydrolysis activity of rOs1BGlu4 is 6.5, the rOs1BGlu4 was stable over the pH
range of 6.0 to 8.0 after 24 hr incubation and the optimum temperature is 45 °C. The

rOs1BGlu4 was stable at 20 and 30 °C for 1 hr.
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The rOs1BGlu4 efficiently hydrolyzed B-(1, 3)-linked oligosaccharides of
degree of polymerization (DP) 2- 3, and B-(1, 4)-linked oligosaccharide of DP
3-4. Cellopentaose and cellohexaose can be hydrolyzed with lower efficiency,
while laminari-oligosaccharides with DP more than 3 are not hydrolyzed. The
rOs1BGlu4 can hydrolyze pNP-B-D-glucopyranoside (pNPG) efficiently, while
PpNP-B-D-fucopyranoside was hydrolyzed with about 50% hydrolysis efficiency
of the pNPG. Based on the kinetic parameters, others pNP-derivatives can be
hydrolyzed with low efficiency. Thin Layer Chromotography (TLC) showed that
the natural substrates salicin, esculin and para-coumaryl alcohol glucoside can be
hydrolyzed by rOs1BGlu4. The hydrolysis activity of rOs1BGlu4 was strongly
inhibited by HgCl,, delta-glucono-lactone and FeCls;. Analysis of the hydrolysis of
pNP-cellobioside showed that the initial hydrolysis was between the two glucose
molecules. The transglycosylation study showed that at 10 mM concentration of

PNPG, the rOs1BGlu4 can transfer the glucosyl group of pNPG to ethanol and pNPG.

3.2 Introduction

Beta-glucosidases (B-D-glucopyranoside glucohydrolases, E.C. 3.2.1.21) are
enzymes that hydrolyze glycosidic bonds to release nonreducing terminal glucosyl
residues from glycosides and oligosaccharides (Ketudat Cairns and Esen 2010).

Glycoside hydrolases (GH) have been classified to 131 glycoside hydrolase
families based on amino acid sequence and structural similarity, the families that
have similar catalytic domain structures and conserved catalytic amino acids, are

grouped into clans (http://www.cazy.org) (Henrissat and Davies 1997). Of these, clan A

has the largest number of families, all members have catalytic domains with (a/p )g
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structures, which typically have the catalytic acid/base residing at the end of B-strand 4
and the nucleophile at the end of B-stand 7 (Henrissat et al. 1995, Jenkins et al. 1995).
Of the GH families containing -glucosidases, Clan A includes families GH1, GHS,
and GH30. Most of the plant B-glucosidases fall into GHI1.

In plants, these enzymes are involved in variety of processes, such as release
of glucose from cell-wall derived oligosaccharides, defense against herbivores
and fungi by release of toxic compounds from inactive glycosides, activation of
lignin precursors in lignification, release of phytohormones from inactive glycosides,
release of scent compounds, and general activation of glucose-blocked intermediates
in metabolism (Esen 1993). The properties of the substrate specificity, their tissue
and subcellular localization, and the conditions under which they come into contact
with their physiological substrates will determine the roles of these enzymes (Ketudat
Cairns and Esen 2010).

Forty rice genes homologous to GH1 B-glucosidase have been identified from
rice genome databases, and 34 of these are likely to form active glycosidases (Opassiri
et al. 2006). Phylogenetic analysis revealed that many members that contain closely
related sequences are located on the same chromosome and clustered in the same
subfamilies. The relationship between rice and Arabidopsis GH1 protein sequences
have been described by a phylogenetic tree rooted by Os11bglu36 (Figure 2.2, Chapter
2), in which the B-glucosidase from rice and Arabidopsis were classified to 8 clusters,
and 2 clusters special for Arabidopsis. Since it is plausible that genes in the same cluster
may have the similar functions, it is advisable and economical to clarify the function of
one representative gene to help understand the functions of all genes in each cluster.

So far, several cell wall related rice B-glucosidases have been isolated and

characterized, Os3BGlu7 (BGlu 1) and its close relatives Os3BGlu8 and Os7BGlu26,
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were found to be involved in the release of glucose and mannose from oligo-
saccharides generated in cell wall remodeling at various stages of plant develop-
ment (Opassiri et al. 2003, Kuntothom et al. 2009). Another possible function
of Os3BGlu7 is the release of the coenzyme pyridoxine from its glucose-conju-
gated storage form (Opassiri ef al. 2003). Recently, Os4BGlul3 (OsTAGG1) and its
close relative Os4BGlul2 were found to act as tuberonic acid glucoside B-gluco-
sidases, Os4BGlul2 was possibly involved in hydrolysis of cell wall-derived
oligosaccharides (Opassiri et al. 2006, 2010, Wakuta et al. 2010).

Os1BGlu4, the only rice GH1 p-glucosidase sequence without signal
peptide, clustered with Arabidopsis BGlu42 and Hevea brasiliensis latex cyano-
genic PB-glucosidase in an independent cluster (Opassiri et al. 2006). So, it would
be interesting to determine the substrate specificity and characteristics of a repre-
sentative member in this cluster, which can enrich the knowledge of the GHI

B-glucosidases and help, narrow the possible biological function of Os1BGlu4.

3.3 Materials and methods

3.3.1 Plasmids and bacterial strain

The pET32a(+) is designed for high-level expression of peptide sequence
fused with 109aa Trx-Tag™ thioredoxin protein which can help the efficient trans-
lation and folding of the target protein. The pET32a(+) was used for Os1BGlu4
protein expression in E. coli.

DH5a, a recombination-deficient suppressing strain, was used for cloning
plasmids. Origami B(DE3) host strain, a K-12 derivative mutated in both the thio-

redoxin reductase (t7xB) and glutathione reductase (gor) genes, which greatly enhances
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disulfide bond formation and has been used to express the soluble and active
B-glucosidase (Opassiri et al. 2007), was used for the expression of recombinant

Os1BGlu4. Origami B(DE3) has both the tetracycline and kanamycin resistance genes.

3.3.2 Bioinformatics analysis of Os1bglu4

The National Center for Biotechnology Information Web site was used to
search the pubic DNA sequence database for Os1BGlu4 cDNA sequence accession
number AK243365.1 (http://www.ncbi.nlm.nih.gov/). Protein analyses were done at

the Expasy proteomics server (http://www.expasy.org/). The protein structure was

predicted by SWISS-MODEL program using the Os3BGlu6 structure (PDB code:

3GNP) as template.

3.3.3 Transformation of recombinant plasmid into the expression host cells

3.3.3.1 Target gene preparation

Fourteen days rice leaf ¢cDNA was kindly provided by Ms.
Supaporn Baiya and Dr. James R. Ketudat-Cairns. The coding sequence of the rice
Os1BGlu4 gene was amplified. The 25 pL PCR reaction was consisted of 13.5 uL
distilled H,O, 1xGreen GoTag® Reaction buffer, 2 mM MgCl,, 0.4 mM dNTP,
0.4 pM bglu-f (CACCATGGGGAGCACGGGGCGC) which contains the Ncol
site, 1 puL 10 uM bglu-r (AGGGAATTCCTAGTTCATGTCAGC) which contains
the EcoRI site, 2.5 U GoZag® DNA Polymerase, and 1 pL cDNA template. The
amplification condition was 94 °C 4 min, 30 cycles of 94 °C 30 sec, 55 °C 30 sec,
72 °C 110 sec, and finally 8 min extra extension. The PCR product was purified with a

QIA quick extraction kit following the protocol of the company (QIAGEN).
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3.3.3.2 Expression vector construction

The PCR product was digested with Ncol and EcoRI, and
then ligated into pET32a(+), which had been digested with the same restriction
enzymes, using T4 DNA ligase, and the recombinant pET32a+ was transformed
into E. coli DH5a by electroporation. Positive clones were selected on a 100
pg/mL ampicillin LB plate. Colony PCR method with gene specific primers was
used to check the positive clone. Recombinant plasmids were extracted from
positive clones with QIAGEN Plasmid Prep Kits. The forward primer 393F
(GAAAGAGTTCCTCGACGC) and reverse primer T7 terminator (GCTAGTT
ATTGCTCAGCGG) were used to sequence the plasmid pET32-Os1bglu4 to

confirm the correct reading frame and sequence.

3.3.4 Recombinant protein expression in E. coli Origami B(DE3)

To produce recombinant thioredoxin-Os1BGlu4 fusion protein, the plasmid
pET32-Os1bglu4 was transformed into the E. coli Origami B(DE3) by electropo-
ration and the bacteria was spread onto an LB plate containing 100 pg/mL ampicillin,
15 pg/mL kanamycin and 12.5 pg/mL tetracycline and incubated at 37 °C overnight.
Positive clones were singled out and grown overnight in 3 mL LB broth containing
the same antibiotics at 37 °C with shaking at 200 rpm. The fresh starter cultures was
inoculated into LB broth containing the same antibiotics and then the culture was
grown at 37 °C with shaking at 200 rpm for 3-5 hr until the optical density of 600 nm
reached 0.5-0.6. IPTG was added to final concentrations of 0, 0.1, 0.2, 0.3, 0.4 and
0.5 mM to find the optimum IPTG concentration. The cultures were shaken at 200 rpm
at 10, 20 and 30 °C with different induction time of 8, 12, 16, 20 and 24 hr. The induced

cultures were centrifuged at 5,000 g for 10 min at 4 °C. The cell pellets were kept
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at -70 °C. To monitor the total protein expression levels, 5 mL aliquots of the cell
cultures were sampled at the different culture temperatures induction times and IPTG
concentrations, the cultured cells were collected by centrifugation at 12,000 g for 5 min,
and the cell pellet was weighed. The cell pellet was resuspended with protein extraction
buffer (20 mM Tris-Cl buffer, pH 8.0, 200 ng/mL lysozyme, 1% Triton-X 100, 1 mM
PMSF, 40 pg/mL DNase I) in a ratio of 1 g cell pellet to 5 mL extraction buffer. The
resuspended cells were incubated at room temperature for 30 min. Then, the soluble
protein was recovered by centrifugation at 12,000 g at 4 °C for 10 min. The soluble
protein fraction was kept on ice for protein purification in the next step. Eight microliter
aliquots were mixed with 2 pl 5xloading buffer (2.5 M Tris-HCI, 10% SDS, 0.5%
bromophenol blue, 50% glycerol, 20% 2-mercaptoethanol) and boiled for 5 min to
denature proteins. Then, the samples were loaded onto 15% SDS polyacrylamide gels

(SDS-PAGE).

3.3.5 Purification of Os1BGlu4

Firstly, the resin was washed with 10 column volumes (CV) 0.2 mM EDTA,
pH 8.0, followed by 10 CV deionized water. Then, the resin was regenerated with
10 CV 50 mM of CoCl,, followed by 7 CV deionized water. Again, the column was
washed by 3 CV 300 mM NacCl, followed by 3 CV deionized water. Finally, the column
was equilibrated with 10 CV equilibration buffer (20 mM Tric-Cl and 150 mM NaCl).

The soluble protein fraction was purified by immobilized metal affinity
chromatography (IMAC) on the prepared BD TALON cobalt resin. Ten mL of soluble
protein fraction was loaded onto a 2 mL bed volume of pre-equilibrated cobalt
resin. The soluble protein and the cobalt resin were incubated for 30 min on ice with

shaking. The resin was packed and washed with 5 CV W0 buffer (20 mM Tris-Cl+
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150 mM NaCl) and 5 CV W1 buffer (W0+5 mM imidazole), followed by 5 CV W2
buffer (W0+10 mM imidazole). The Trx-His6-rOs1BGlu4 was eluted with 5 CV of
Elution buffer 1 (W0+50 mM imidazole) and 5 CV of Elution buffer 2 (W0+100 mM
imidazole). After the elution of the protein, the column was washed with 5 CV Mes,
pH 5.0, followed by 5 CV deionized water. Then, 20% ethanol was added to preserve

the resin until the next use.

The eluted Trx-His6-rOs1BGlu4 was concentrated and the buffer was
changed to 20 mM Tris-Cl, pH 8.0, using a Millipore regenerated cellulose amicon
ultra centrifugal filter (with PLGC Ultracel-10 Membrane, 15 mL Capacity, 10 kDa
NMWL, 29.7 mm Diameter x 122 mm Length, 7.6 sq cm Membrane) with 1500 g

centrifugation.

3.3.6 Elimination of the fused thioredoxin
3.3.6.1 Protein assay
The purified protein concentration was determined by protein
assay kit (Bio-Rad Protein Assay Kit I), using bovine serum albumin (BSA) as
standard. Diluted Trx-His6-rOs1BGlu4 (0.8 mL) was mixed with 0.2 mL protein
assay solution (Appendix table 1). The reaction was incubated at room temperature
for 10 min and the absorbance of 595 nm was measured. Triplicate samples were

measured according to the BSA standard (Appendix figure 1).

3.3.6.2 Thioredoxin elimination
The purified Trx-His6-rOs1BGlu4 was incubated with the entero-

kinase (NEB) for 16 hr at 23 °C in a ratio of 0.00016 pg of enterokinase per 20 pg
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Trx-His6-rOs1BGlu4 according to the instruction of the manufacture. After incubation,
the reaction was loaded onto 4 mL of pre-equilibrated cobalt resin. The flow through
and WO solution were collected as recombinant Os1BGlu4 (rOs1BGlu4), thioredoxin
was eluted using E1 and E2 to wash the resin. An aliquot of each faction was loaded

onto SDS-PAGE.

3.3.7 SDS-PAGE analysis of protein expression and purification

The composition of a 12% SDS-PAGE separating gel (Appendix table 4)
were mixed and poured into the gap between a pair of glass plates assembled in a
Hoefer vertical gel cassette up to a level of three fourths of the height of the lower plate.
Deionized water was layered over the separating gel solution, which was allowed to
polymerize for 30 min at room temperature. The components of a 5% stacking
SDS-PAGE gel (Appendix table 4), were mixed and layered on the separating gel,
the comb was inserted into the gap between the two glasses immediately. After
polymerization for 30 min, the polyacrylamide gel plates were assembled in a Hoefer
gel electrophoresis apparatus and filled with 1X Tris-glycine electrode buffer (pH 8.3).

Protein samples were mixed with 1X loading buftfer (0.05 M Tris-HCI, pH
6.8, 10% SDS, 0.2 mg/mL bromophenol blue, 50% glycerol, 20% 2-mercaptoethanol)
and boiled for 5 min to denature proteins. Denatured protein (10 pL) was loaded into
sample wells, and electrophoresed at a constant voltage of 120 V for 90 min. Then, the
gels was stained with staining solution for 10 min and destained with destaining
solution for 30 min, twice. The molecular mass of the protein band was estimated by

comparison to the Fermentas Protein Molecular Weight Markers.
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3.3.8 Optimum pH and pH stability

To determine the pH optimum of the rOs1BGlu4 enzyme, two different sets
of buffer was prepared to 50 mM concentration. The first set ranging from pH 3.5
to 10.5 (formate pH 3.5-4.0; sodium acetate pH 4.5-5.5; sodium phosphate pH 6.0-8.5;
CAPS pH 9.0-10.5), at 0.5 pH increments (Opassiri et al. 2003); the second set was
prepared by citric acid-disodium hydrogen phosphate, from pH 2.0 to pH 9.0 (Seshadri
et al. 2009). One hundred microliter reaction consisted of 10 pL 0.025 pg/pL
Os1BGlu4, 80 uL different pH buffer and 10 pL 10 mM pNPG (Opassiri et al. 2007).
The reactions were incubated for 10 min at 30 °C, then 70 uL 0.4 M Na,CO3 were
added to stop the reaction, the pNP released was measured at 405 nm.

The pH stability for the rOs1BGlu4 was determined by incubating the
concentrated rOs1BGlu4 in 50 mM bufters ranging from pH 4 to 10 (the first set of
buffers mentioned above) as above at increment of 1.0 pH unit for 10 min, 1, 3, 6, 12
and 24 hr at 30 °C. The rOs1BGlu4 at each time point was sampled. After incubation,
the enzyme was diluted to 0.025 pg, 10 puL protein aliquot was incubated with 10 puL
10 mM pNPG in 80 pL 50 mM phosphate buffer, pH 6.5. The reaction was incubated
for 10 min at 30 °C, then 70 uL 0.4 M Na,CO; was added to stop the reaction, and the

PNP released was measured at 405 nm.

3.3.9 Optimum temperature and thermostability

The optimum temperature for enzyme activity was determined by incubu-
ting 0.25 pg rOs1BGlu4 with 1 mM pNPG in 50 mM phosphate buffer, pH 6.5, in a
reaction volume of 100 uL at temperatures ranging from 5 °C to 90 °C in 5 °C incre-
ments for 10 min, and then 70 uL 0.4 M Na,CO; was added to stop the reaction, and the

PNP released was measured at 405 nm.
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The thermostability of the enzyme was checked by incubating enzyme in
50 mM phosphate buffer, pH 6.5, at different temperatures in the range of 20 °C to
60 °C at 10 °C intervals for 10, 20, 30, 40, 50 and 60 min. The rOs1BGlu4 was sampled

at each time point, and a 10 uL 0.025 pg/pnL Os1BGlu4 aliquot was assayed as above.

3.3.10 Activity assays and Kinetics study

3.3.10.1 Glucose standard

In order to measure the amount of glucose which was released
from the reaction, 0.0025 to 0.03 umole of glucose was incubated with the phosphate
buffer (Appendix table 2), pH 6.5, for 15 min at 30 °C, 50 uL of 2, 2'-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) ABTS and 100 pL of peroxidase-glucose
oxidase (PGO) solutions were added to the reactions and they were incubated at
37 °C for 10 min. The OD at 405 nm was measured. The glucose standard was plotted

(Appendix figure 2).

3.3.10.2 pNP standard

The pNP (0.0025 pumole to 0.03umole) was incubated with
phosphate buffer (Appendix table 3), pH 6.5, for 15 min at 30 °C, then, 70 pL Na,CO;
was added to the reaction, the OD at 405 nm was measured. The pNP standard was

plotted (Appendix figure 3).

3.3.10.3 Substrate specificity assay
The enzyme activity on various substrates was determined by

measuring either (1) the p-nitrophenol (pNP) liberated from the pNP derivatives of
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monosaccharides or disaccharides, or (2) glucose released from natural or artificial
substrates. All substrate solutions were prepared in 50 mM sodium phosphate,
pH 6.5. The glycone specificity of rOsIBGlu4 pB-glucosidase was tested with
synthetic pNP-glycoside substrates inculuding pNP-B-D-glucopyranoside (pNPG),
pNP-B-L-fucopyranoside, pNP-a-D-glucopyranoside, pNP-B-D-cellobioside, pNP-
-D-mannopyranoside, pNP-a-L-arabionopyranoside, pNP-f-D-xylopyranoside, pNP
-B-D-fucopyranoside, pNP-B-D-galactopyranoside). rOs1BGlu4 (0.25 pg) was incu-
bated with 1 mM pNP- derivatives in 50 mM phosphate buffer, pH 6.5, at 30 °C
for 15 min, then, 70 pL. 0.4 M Na,COs; was added to stop the reaction, and the
absorbance of the liberated pNP was measured at 405 nm. A reaction mixture of the
same composition but without the enzyme was used as a blank.

The rOs1BGlu4 was also tested with oligosaccharides. The oligo-
saccharides include laminaripentaose, laminaritetraose, laminaritriose, laminaribiose,
cellohexaose, cellohexaose, cellopentaose, cellotetraose, cellotriose and cellobiose,
gentiobiose and chitopentaose. In 50 pL reactions, rOs1BGlu4 (0.0125 pg) was in-
cubated with 1 mM oligosaccharide in 50 mM phosphate buffer, pH 6.5, at 30 °C
for 20 min. A reaction mixture of the same composition but without the enzyme
was used as a blank. The reaction was stopped by heating to 100 °C for 10 min,
the reaction was transferred to microtiter plate, 50 pL ABTS and 100 pL PGO were
added to the reaction, and incubated at 37 °C for 10 min. the OD at 405 nm was
measured with a spectrophotometer (Opassiri et al. 2006).

The products of rOs1BGlu4 hydrolysis of cello- and laminari-
oligosaccharides and natural substrates were detected by TLC. In the 50 pL reaction
system, 0.125 pg enzyme was incubated with 1 mM oligosaccharide in 50 mM

phosphate buffer, pH 6.5, at 30 °C for 20 min. The reaction mixture (2 uL) was spotted
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on silica-gel 60 F254 plates and chromatographed vertically with solvent consisted
of ethyl acetate, acetic acid and water (2:2:1, v/v). The products was detected by
spraying with developer solution (10% H,SO4 in ethanol, v/v) and baked at 120 °C for 5

min to visualize the sugar.

3.3.10.4 Kinetic parameter determination

Kinetic parameters, K,, and V,, of purified rOs1BGlu4 with
PpNP- glycosides and oligosaccharides were determined in triplicate. The initial velocity
of hydrolysis for each substrate was initially determined using 3-4 substrate concen-
trations and incubation times (10-30 min) to find conditions that yield 0.1 to 1.0
absorbance units. The rate versus time was plotted and an appropriate time and enzyme
amount was chosen for kinetic studies. The reactions containing phosphate bufter and
5-8 different substrate concentrations ranging from 1/4-4 fold of the K, value were
pre-incubated on ice, and then appropriately diluted enzyme was added to the reaction,
the reaction was incubated immediately at 30 °C for 10 to 30 min, depending on each
substrate, to establish the initial velocity (Vo).

One unit of enzyme activity was defined as the amount of enzyme
that produced 1 pumole of product per min. The activity values for disaccharides were
determined by dividing the amount of glucose released by two, since two glucose
molecules are released per molecule of disaccharides hydrolyzed. The number of
micromoles of the product formation for oligosaccharides is defined in terms of total
glucose released, although oligosaccharides may also have more than one glucose
released per substrate molecule due to sequential cleavage. The kinetic parameters were
calculated by nonlinear regression of the Michaelis-Menlen curves with the Grafit 5.0

program.
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3.3.11 The inhibition study

The inhibition of rOs1BGlu4 activity by many chemicals was studied.
Various 10 mM inhibitors was mixed with I mM pNPG in 50 mM phosphate buffer, pH
6.5, followed by adding rOs1BGlu4, and incubated for 10 min at 30 °C. The reaction
was stopped by adding 70 pL of 0.4 M Na,COs, and the absorbance was read at 405
nm. The same reaction without the substrate was used as the blank; the same volume of
buffer was supplemented to the reaction. The strong inhibitors, such as HgCl, and

delta-glucono-lactone, were diluted to explore the inhibition effect.

3.3.12 Sequential hydrolysis to pNP-cellobioside

In order to investigate the sequential hydrolysis of pNP-cellobioside, 50 pL
reaction of 0.125 ug rOs1BGlu4 was incubated with SmM pNP-cellobioside in 50 mM
phosphate buffer, pH 6.5, at 30 °C.The hydrolysis time ranging from 5 min to 1 hr with
5 or 10 min intervals. The reaction was sampled at the designated time points and the
reaction in the samples stopped by boiling. The reaction (2 pL) was loaded on silica-gel
60 F254 plates and chromatographed vertically with a solvent that consisted of ethyl
acetate, methanol and water (7:2.5:1, v/v). The plate was detected first by UV light to
detect the pNP, followed by spraying with solution (10% H>SOj in ethanol, v/v) and

baked at 120 °C for 5 min to visualize the sugar.

3.3.13 Transglycosylation activity of rOs1BGlu4
In order to investigate the translgycosylation activity of the rOs1BGlu4, the
PNPG was used as the glycosyl group donor, while ethanol and pNPG were used as

glucosyl group acceptors, respectively. Different concentrations of ethanol acceptors
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(10%, 20%, 30% and 50%, v/v), and 10 mM or 20 mM final concentration of pNPG
as donor was compared.

The effect of different incubation times and pNPG concentrations on the
product of the transglycosylation reaction was studied. 0.5, 5, 10, 20 and 40 mM
PNPG concentrations at 1, 2 and 3 hr incubation times were compared. The reaction
products were loaded on a silica gel-coated F,s4 aluminium plates, (Merck) and
chromatographed vertically with solvents of 2:1:1 ethyl acetate:acetic acid:water.

The TLC was visualized by UV light and sulfuric acid as described in 3.3.13.

3.4 Results and Discussion

3.4.1 Sequence analysis of rice Os1bglu4

The coding sequence, and 5’ and 3’ untranslated regions of Os1bglu4 are
shown in Figure 3.2. The 1731 bp long nucleotide sequence includes a 1449 bp open
reading frame, which encodes a 483 amino acid long protein.

The deduced protein was predicted by Signal P (Bendtsen et al. 2004) to
have no signal peptides and the subcellular localization predicted by PSORT is in the
Cytoplasm (Horton and Nakai 1999). Unlike many putative rice B-glucosidases, which
were predicted to enter the secretary pathway, Os1BGlu4 should exist in the cytoplasm.

The pl is predicted to be 5.16 and the molecular weight is 55.3 kD
according to the Compute pI/Mw at the EXPASY Server. There is no N-glycosylation
site by prediction of NetNGlyc. The predicted pl of Os1BGlu4 is different from the
pl of many cell wall bound beta-glucosidases, eg, rice Os4BGlul2, protein purified
from the cell wall of rice seedlings (pI 10) (Akiyama et al. 1998), and germinated

barley seeds (pI 9-9.5) (Leah et al. 1995, Hrmova et al. 1996).
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The analysis of the cDNA sequence indicated that the protein was classified
into glycoside hydrolase family 1 and had the conserved catalytic core and active site
sequences of this family. The EST expression indicates that the Os1bglu4 is expressed

in callus, flower, leaf, panicle, root and stem (Figure 3.1).

Tissue TPM Matches/Total
callus 18 3 /162069
flower ¥ 1 /134391
leaf 22 4 1175658
panicle 51 ® T /136249
root 74 - 5 /67194
seed 0 0 /32409
stem 16 2 1124773
vegetative meristem 0 0 (4537

Figure 3.1 The EST expression profile of rice Os1bglu4 gene (http:// www.ncbi.nlm.

nih.gov/UniGene/ESTProfileViewer). The number before the spot is

transcripts per million (TPM), the spot intensity is based on the TPM, the

number in the last column is gene EST/total EST.

The structure of Os1BGlu4 was modeled by the SWISS-MODEL Server
(Schwede et al. 2003) with the Os3BGlu6 structure, PDB code 3GNP as the template.
The overall structure of Os1BGlu4 is a (o/B)s-barrel, which corresponds to the typical
structure of GH1 family (Figure 3.3). The Os1BGlu4 polypeptide contains Glu residues
at positions 177 and 380 that lie within the sequences TFNEP and ITENG, respectively,
which matches the consensus motifs in family 1 B-glucosidases (Czjzek et al. 2001).

The two consensus motifs lie at the ends of B-strand 4 and 7 of Os1BGlu4,

and are important in catalysis and makeup part of a crater-shaped active site (Henrissat
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et al. 1995, Czjzek et al. 2000). The substrate binding site lies in a funnel-shaped
pocket on the C-terminal end of the B-barrel, and residues found in the region dictate
the substrate-specificity of the enzyme (Henrissat ef al. 1995, Burmeister et al. 1997,

Czjzek et al. 2000).

gctgogga gatcgocioc loctcgocg cogocgc cgesggoaaiggggapcacggoocmo
MG S5 T G R
SacgCcggaggSigacoC S SCgaciicooCgac SoCiicSiciicg oS icgoCaccioc
D4 F W O B 5 IDF P Do F YW E &5 WV A "TF S
ocotfaccagafigaagooocsagacgooSoagsoa Ssocadagoagataacatatgooatott
A Y 2 T E £ 458 B R E 5 %5 K. & I N I W ID» W
ticacagaaaacaaagaacgtaticitagaloggagcagiggagaagiigcagiigatcat
o CE MR CE K OE LB £ S SeoiETE WA T B XX
taccatcgatacaagoaagacaligaactcalggocagitigogotitccgtgcttataga
¥ H K ¥ K E DI E JT. MWMA S T. G F R A ¥ K
tittctatatciigScca cgcatatitocctgatsscctssssaaaaatstcaatgagcaa
F 5 I S8 W P R I F P DG Lo K N W N E 9O
ggagiigocititataatig accitataaafiicatlgaligagaaaggotaiiga cocatac
e % e EOCNCCORE B E. X W SR T E K ST GED R Y
gcaacicigtatcatigggatciiccacataaiciicagcagacigioco siooitoocit
A T L. ¥ H "W D L P H WL Q Q T W & G WL
tctsataagatcgtogsagtacifigcactigimtgcagaascigciitgscaaatitigga
S K I W E ¥ F A T. ¥ A E A € F A M ¥ o
Sacagagtaaagcatiggataacaatcaaiga goctcftcaaactgcagitaatgottac
IR W K H "WI T 1 NFE P L & T A W IN & 7Y
ggaattggacal:l-‘:l:EEcacctggaggatggaaggggaaacEgctazatgc:acttggcc
= I G H F A P G G C E & T A K C Y I A
gccmczaccaaatct:ggctmgctgctgctgttgatgttmmgaaggaaatrtaag
A H ¥ QI L A H A A A VWV DWW ¥ R R K F E
scigtgcaaggiggigaagtagociiggiigicgatigigaalggocag agccalittea
AN G S E OV I W OW I E W A OE B F S
gagaaaacagaagatcaggiigoigcagaacsaaggociigaciticagctaggaiggtac
E K T E DD Qg VvV A A E R R L IDdDE OL o WX
Clogacccaaram@mifcg gioamacocagaaagialgcgica gcsaciggsocgmargat
L P P I ¥ F & D% P E &S ME QO RL GG D
cticcaacctictcgsagaaagataaagaatttatcagoaacaaaatigactitotiogsa
L B T ¥F S "F K DX E ¥FF I R INETI IDDF WV &
ataaatcattatacticaagaticatigcicacatcaggatccagaagaatitatitt
I N H & T 5 R F I %2 H H'Q DP E I>XI ¥ F
ftaccgagiacaacaagiggagagaaiagaaaaaigoaacaciggigaaaaaatigostizsaa
FOR W QO WV OE K I OE K WM T o E K I o E
agooocogcatcigagigocititcatag Toctigs gooctocSgaaattactiaatiat
A A & E "L F I WP WL K KL .2 X
SCcagcagagaga@igoaaatocigigaia@mig@acigagaatgocatggaigagsaa
Aok T E R YW i MNP WL b " R S - I, e G e R S O
Ssatgatcaaltcggcaacgoiigaccaagiciigaatgatacgacgagogoltigottactic
DD TS 4% T L. IDO %W 1. N DT T B W aag ¥ F
azaaggataccCicgcgicagiigcacaagcaatcaagmarsolgcigalgitcgigostiac
K o ¥ L A S W A QO A 1T K DG A DV K G Y
ttcgcatootcgttccigosacaacifcgagtgooctatoooatacaccaagagoittococ
F A WS F LL DN F E WAMGTY T K REF G
attgittaigttgattacaaaaatgoociitcocggcatcocaaagcatcSsgocosoligs
I W ¥ W ID DY K NN G L 5 K H P EKE A 5 A R W
Ectcgcociicimaagsgomatgacgcigagaacaaagcigacalsaa claggmocatc
F S R F LK < D DA F N K A D DiIT —
CEgaagaaagifaaaggaacalimcacagiaatcgiitcigcigiioitgtatcita@mT
catatatotagigtatcmitcatcatcataartagigtatcttatattgatatacaictc
agatstocm@mitftagtitgicatigatcaaaticagagcgoittococcatacc

Figure 3.2 The nucleotide and deduced amino acid sequences of the AK243365.1
accession. The highlighted letters correspond to the sequence used for
designing the primers used for amplifying the coding sequence of
Os1bglu4. The underlined amino acids are the predicted catalytic acid/

base and nucleophile concensus sequences.
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Figure 3.3 The predicted structure of Os1BGlu4 modeled by the Swiss-model
software with the Os3BGlu6 template. The structure contains an (o/f)s-
barrel, which is the typical structure of GH1 family. The red color helix is
a-helix, the yellow strand is B-strand. The blue sticks are the two glutamic

acids in the catalytic acid/base and nucleophile consensus motif.

3.4.2 Construction of E. coli expression vector

3.4.2.1 Amplification of coding sequence of Os1bglu4 from rice cDNA

The coding sequence of Oslbglu4 gene was amplified from 14
day rice seedlings cDNA library. A single intense band near 1.5 kb was observed
(Figure 3.4). The PCR product was preliminarily checked by restriction digest with
BamHI. The Os1bglu4 gene sequence contains one site for BamHI at the position 965
bp. The result showed that the Os1bglu4 amplicon was cut into two bands which were

near 1 kb and 500 bp, corresponding to the expected size (Figure 3.5).
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Figure 3.4 PCR product amplified with gene specific primers. Lane 1, DNA marker,

lanes 2 and lane 3, PCR product.

Figure 3.5 Target sequence check by restriction enzyme BamHI digestion. Lane 1,

DNA marker, lane 2, PCR product after BamHI digestion.
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3.4.2.2 Construction of E. coli expression vector

The pET32a(+) expression system was chosen, because it faci-
litates disulfide bond formation in the reducing environment of E. coli cytoplasm
(Stewart et al. 1998), and many B-glucosidases have been expressed as active and
soluble enzyme with the pET32a(+) vector, such as Os4BGlul2 and GB5BG (Opassiri
et al. 2007), BGlul (Opassiri et al. 2003), rHvBII, Os7BGlu26, Os3BGlu6 and
0Os3BGlu8 (Kuntothom et al. 2009, Seshadri et al. 2009). Fusion of enzymes to soluble
fusion partners, such as TRX, GST and MBP, is thought to help to overcome the ag-
gregation of insoluble protein forms by promoting the proper folding of the attached
protein into its biologically active conformation (Kapust and Waugh 1999).

The Oslbglud sequence of the cloned gene and the sequence
in the database were aligned (Figure 3.6), all of the 3 point mutations were silent
mutations, such that the cloned coding sequence of Oslbglu4 has no amino acid
changes and could be used to express the target protein. The mutations were from the
using of Tag DNA polymerase which has no proofreading ability over the nucleotide
extension. Some researchers use the Pfu DNA polymerase to amplify the sequence
instead to avoid the mutations despite its low amplification efficiency (Lundberg et al.
1991, Kroutil ef al. 1996). To increase the efficiency, a small percentage of Pfu mixed

with Taq polymerase to do the amplification was recommended (Cline ef al. 1996).
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Quary 3 ATGGGGAGCACGEGGECEOGACGOEGAGGTGACCCGOGEOGACTICCCOGACGGCTICGTIC 62
- T L R Rt ] B BRI 1 -

Quary 63 TIOGGOGTUGCCACCICCGOITACCAGATIGAAGGGGOGAGACGGGAGGGAGGCAAAGGA 122
SRS e e e s R

Croery 123 GATAACATATGGGATGTITICACAGAAAACAMAGAACGTATCTTAGATGGAAGCAGTGGA 182
BhictTI e R e e TS AR

Croery 183 GAAGTIGCAGTIGATCATTACCATCGATACAAGGAAGACATTIGAACTCATGGCCAGTTIIC 242
St EES e o A e S

Qoerv 243 GETIICCGTGCTATAGAT ITIC TATATCTIGGCC ACGCATATT ICCTGATGGCCTIGGGG 302
Bhyct33 oo PEESE T,

Quary 305 AAAAATGTC AATGAGCAAGGAGTIGCC TITHIAATG ACCTIATAA ATTIC ATGATIGAG 362
LY c SO

Qroery 363 AAAGGTATIGAGUCATACGCAACTUIG TATCATIGEGATCTICCACATAATCTICAGCAG 422
Shiyctded —ospaasrnl aniiEniaannn L ISR

Qnary:tﬁ ACTGIGGGIGGTIGGCTTIC TGATAAGATOG TG GAGTACTIIGC ACTETATGCAGAAGCT 482
Sk 3 e s e POTPEPRERNRPOTS, . | -

Quarvy483 TGCITIGCAAATTITIGGAGACAGAGTAAAGCATTIGGATAACAATCAATGAGCCTICTTICAA 32
BhcERRY oniaiinnl PRI T . b

Q'naar}'j—tﬁ ACTECAGTIAATGETIACGGAATIGGACATTIIGCACCTEGAGGATGTGAAGGGGAAACT 02
St .o o R

Qrerv 6803 GCTAGATGCTACTIGGCCGCCCACTACCAAATCTIGGCTCATGCTGCTGC TG TIGATGTT 662
Bhict il o R LR TR

Qreary 663 TACAGAAGGAAATTIAAGEC TG TIGCAAGG TG T AAGTAGGCTIGGTIGTCGATIGTIGAA T2
SRR e e TR

+72% TEEGCAGAGCCATITICAGAGAAAACACGAAGATCACGTIGCTGCAGAACGAAGGCTIGAC 782
Shiet823 . L. R

Qoery 783 TTICAGCTAGGATGGTACCTGGACCCAATATATTICGETGATIACCCAGAAAGTATGOGT 842
Sbjct 883 . e S ——— e D43

Qroery 843 CAGCGACTAGGCGATGATCTICCAACCTICTOGGAGARAAGATAAAGAATTIATCAGGAAT 502
ShoetSd3 G ¥ BRI [F, 3 7

Qracy 303 AAAATTGACTIIGTIGGAATAANTCATIATACTICAAGATICATIGCICATCATCAGGAT 962
LT L7 OO U VRPN | 1.~

Croery 563 CCAGAAGATATTTATTITTACCGAGTACAACAAGTOCAGAGAATAGAAAA ATGGAACACC 1022
St 206 e o i EER BRTRIIRORL, il | el

Qe 123 GETGAAAAAATTIGGTGAAAGEECCGCATCTGAGTGGCTITICATAGTICCTIGGEGGCCTC 1082
Sbjctll2® . PR 1t -+

Croery 1083 OGG -L-L&'I'E’LCTIELL‘L'II-’LTGCAGCAAAGAG ATATGGAAMTCCTGTGATATATGETAACTEAG 1142
Shact X8I oo oceon DL

et T 2

Qoery 1143 AATGGCATGGATGAGGAAGATGATCAATCGGCAACGCTIGACCAAGTUCTIGAATGATACG 1202
Shacti243 . . ST - -

Croery 1203 ACGAGGGTIGGTIACTICAAAGGATACCTCGOGICAGTIGCACAAGCAATCAAGGATGGT 1262
A E USO8 s L SR LR A

Qreary 1263 GCTGATGTICGTGGGTACTICGCATGGTCG T CTIGGACAACTTIOGAGTGGGCTATGGGA 1322
Shicti3Bs e USSR .4

Croery 1323 TACACCAAGAGGTIIGGCATIGTITATG TIGATTACAAAAMTGEGCTITCOCGECATCCC 1582
Sbhyjet1423 .l SECOFR ISRl L

Croery 1383 AAAGCATOGGECCCGE TG TICTCGCGCTICTIAAAGGROGATGACGCTGAGAAC AAAGCT 1442
Ly e o R CEE RS PP SRRSO PIROPITE. ' : o

Croery 1445 GACATGAACTAG 1454
Sbhyct1543 oL 1554

Figure 3.6 The alignment between the sequence of Oslbglu4 in the database
(AK243365.1) (Sbjct) and the sequence from the constructed plasmid

(Query). The letters stand for the mutant.
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3.4.3 Expression the Os1BGlu4 in E. coli Origami B(DE3)

The substrate specificities and kinetic parameters of recombinant HvBII
and HvBII isolated from germinated seeds were almost the same (Hrmova et al. 1996,
Hrmova et al. 1998, Kuntothom et al. 2009), suggesting that the substrate specificities
which was determined by the enzyme expressed in the E. coli expression system, are
likely to comply to those of the corresponding native enzymes in vivo. This background
authorizes us to assess the plant enzyme parameters through the recombinant enzyme
expressed by E. coli.

The pET32-Os1bglu4 was introduced into competent Origami B(DE3) by
electroporation. The transformed bacteria were induced to express the protein by
adding the 0.3 mM of IPTG at 20 °C, 200 rpm for 20 hr. The results showed that all
clones can express the Trx-His6-rOs1BGlu4 (lane 2-7) which is about 66 kD (Figure
3.7). By contrast, no intense band was observed at the same position of Origami
B(DE3).

In order to get the large amount of the active protein, the IPTG concen-
tration, induction time and induction temperature was investigated to optimize the
expression of the protein. In the experiment, the protein production was found to be
different when cultured at the different induction temperatures. So, the effects of the
induction conditions on cell growth were investigated. The results showed that the
induction temperature had significant effect on the cell growth. Because the low
temperature decreased the metabolism of the cell, the 10 °C treatment had the lowest
cell pellet weight. The 20 °C and 30 °C treatments had much higher amount of cell
pellet than the 10 °C treatment. That means the 20 °C and 30 °C treatments had faster

growth rate than the 10 °C treatment.



74

As the induction time increased from 12 to 16 hr, the weight of cell pellet
increased significantly (Figure 3.8). By contrast, the weight of cell pellet increased little
when the induction time increase from 16 to 24 hr, which may result from the dynamic
equilibrium of the E. coli population in a limited space after sufficient growth time of

16 hr.

Figure 3.7 The protein expression profile of Origami B(DE3) transformed with
the pET32-Os1bglu4. Lane 1 is proteins extracted from Origami B(DE3)
colony, lane 2, protein marker, lane 3 is proteins extracted from Origami
B(DE3)+pET32a colony, lanes 4-9 are proteins extracted from Origami

B(DE3)+pET32-Os1bglu4 colonies.
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Figure 3.8 The effect of induction time and induction temperature to the weight of

cell pellet.

The extraction buffer was added to the cell pellet in the ratio of 1 gram cell
pellet to 5 mL extraction buffer. After centrifugation, the soluble part was used as the
crude enzyme to do the activity assay. The same amount of crude Trx-His6-rOs1BGlu4
was incubated with 1 mM pNPG in sodium acetate, pH 5.0 (Opassiri et al. 2006). The
results showed that the Trx-His6-rOs1BGlu4 extracted from 10 °C and 20 °C treatments
have higher ‘activity’ than that of 30 °C (Figure 3.9). The ‘activity’ determined by both
the Trx-His6-rOs1BGlu4 activity and the soluble protein percentage. The ratio
of soluble protein and insoluble Trx-His6-rOs1BGlu4 induced by 0.3 mM IPTG under
10, 20 and 30 °C for 16 hr showed that 10 and 20 °C treatments have a bit more soluble
Trx-His6-rOs1BGlu4 than 30 °C treatment (Figure 3.10), which means the different
‘activity’ of Trx-His6-rOs1BGlu4 among different temperature may be from the

different amounts of soluble Trx-His6-rOs1BGlu4.
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The optimum expression temperature is different for each protein, most
proteins are expressed well from 10-40 °C, for example, CcBglA can be expressed
at 13 °C, NkBgl can be expressed at 16 °C (Jeng et al. 2011). OsEGL1 and OsEGL2
can be expressed at 30 °C (Akiyama et al. 2009). GH5BG and Os4BGlul2 were
induced at 20 °C (Opassiri et al. 2006, 2007). HvExol was expressed successfully at
20 °C (Luang et al. 2010). The recombinant linamarase of cassava (Keresztessy et al.
1996) and primeverosidase of tea leaves (Mizutani et al. 2002) in E. coli were also not
soluble and directed to inclusion bodies when cultures were grown and induced
at 37 °C. This suggested that the recombinant proteins tend to form inclusion bodies
when synthesis was induced at higher temperature. rOs1BGlu4 is expressed well at
20 °C, the activity of the enzyme decrease at 30 °C, and this phenomenon was observed
in the expression of Os3BGlu6 (Seshadri et al. 2009). This is caused by the higher
percentage of insoluble protein which are not folded properly due to fast expression
under higher temperature (Baneyx 1999, Baneyx and Mujacic 2004).

The induction time had no significant effect to the activity of 6His-Trx-
rOs1BGlu4 from 12 hr to 24 hr (Figure 3.9).

The IPTG concentration had no significant effect on the weight of cell
pellet in the 10 °C treatment (Figure 3.11), because the cell growth of 10 °C treatment
was very low. In contrast, the cell growth of the 20 °C and 30 °C treatments was
inhibited by the adding of IPTG. Many proteins expressed in the pET system need the
IPTG to induce the expression of the protein. The concentration is between 0.1-0.5 mM
in the expression of some rice P-glucosidases despite the 1 mM concentration
recommended by the manufacture (Opassiri ef al. 2006, Jeng et al. 2011). However, the
expression of Trx-His6-rOs1BGlu4 did not need IPTG; the IPTG inhibited the growth

of the cells instead, which resulted in the decrease in the weight of cell pellet (Figure
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3.11). However, the presences of IPTG have no significant effect on the specific
activity of Trx-His6-rOs1BGlu4 (Figure 3.12). This phenomenon was also observed

during the expression of Os3BGlu6 (Seshadri et al. 2009).
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Figure 3.9 The effect of induction time and induction temperature to the ‘activity’ of
crude Trx-His6-rOs1BGlu4. The 100 uL reaction included 10 pL of crude
protein (1 g cell pellet/3 ml extraction buffer), 1 mM pNPG and 50 mM
sodium acetate buffer; pH 5.0, the reaction was incubated at 30 °C for 15

min. The pNP release was measured at OD 405 nm.
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Figure 3.10 The soluble and insoluble Trx-His6-rOs1BGlu4 under different tem-
perature under 0.3 mM IPTG induction for 16 hr. M, protein marker, lanes
1 and 4, soluble Trx-His6-rOs1BGlu4 induced at 10 °C, lanes 2 and 35,
soluble Trx-His6-rOs1BGlu4 induced at 20 °C, lanes 3 and 6, soluble
Trx-His6-rOs1BGlu4 induced at 30 °C, lanes 7 and 10, insoluble Trx-
His6-rOs1BGlu4 induced at 10 °C, lanes 8 and 11, insoluble Trx-His6-
rOs1BGlu4 induced at 20 °C, lanes 9 and 12, insoluble Trx-His6-rOs1-

BGlu4 induced at 30 °C.
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Figure 3.11 The effect of IPTG concentration to the weight of the cell pellet. The
100 pL reaction included 10 pL of crude protein (1 g cell pellet/3 ml
extraction buffer), I mM pNPG and 50 mM sodium acetate buffer, pH 5.0,
the reaction was incubated at 30 °C for 15 min. The pNP release was

measured at OD 405 nm.
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Figure 3.12 The effect of IPTG concentration to the ‘activity’ of crude Trx-His6-

rOs1BGlu4.
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3.4.4 Extraction and purification of the Trx-His6-rOs1BGlu4

Purification of the recombinant protein was designed to allow easy and fast,
single step purification. 6His tag in the pET system facilitates the use of affinity
chromatography. The recombinant Trx-His6-rOs1BGlu4 was purified by IMAC on BD
Talon™ (immobilized cobalt) metal affinity column to obtain approximately 85% pure
protein and an intense band at 66 kD was observed on SDS-PAGE (Figure 3.13). After
concentrated and changing the buffer, the concentration of Trx-His6-rOs1BGlu4 was
3.4 mg/mL. Approximately 2.8 mg of purified Trx-His6-rOs1BGlu4 could be obtained
per liter of bacterial expression culture. The purified Trx-His6-rOs1BGlu4 was cut by
the enterokinase and the recombinant Os1BGlu4 (rOs1BGlu4) which is about 55 kD,
and the thioredoxin tag were released (Figure 3.14). The size of rOs1BGlu4 by
experimental estimate is almost identical to the predicted molecular weight (55.3 kD).
After a second IMAC purification step, the pure rOs1BGlu4 was obtained as a single
band on SDS-PAGE (Figure 3.13). The buffer of rOs1BGlu4 was changed to 20 mM
Tris-Cl, pH 8.0, the concentration was 2.2 mg/mL. This rOs1BGlu4 was aliquotted and

kept in -20°C and used to characterize the biochemical properties.

3.4.5 pH optimum and pH stability of rOs1BGlu4
When the pure rOs1BGlu4 was obtained, the rOs1BGlu4 was characterized.
The results showed that rOs1BGlu4 was most active at pH 6.5 when assayed with
I mM pNPG for 10 min (Figure 3.15). When compared with others pH buffers,
rOs1BGlu4 had higher activity at pH 6.0-pH 7.0 buffers. The rOs1BGlu4 had almost
no activity when the enzyme was assayed in buffers with pH below 5.0. The enzyme
activity also decreased dramatically at pH above 8.0. The activity of rOs1BGlu4

had the similar change trend between the two sets of the buffer (Figure 3.16). The pH
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optima of most B-glucosidases ranged between pH 4 and 7.5, depending on their source
and cellular location, and they tend to be stable over a range of pH from 4 to 9 (Ketudat
Cairns and Esen 2010). The pH optimum of the purified rOs1BGlu4 was pH 6.5,
which is reasonable even it is different to many others B-glucosidases (Os3BGlus8,
pH5.0, Os7BGlu26, pH 4.5, Os3BGlu7, pH 5.0, rHvBIIL, pH 4.0) (Esen 1993, Hrmova
et al. 1998, Opassiri et al. 2003). This pH is related to the pH environment of the
catalytic reaction, since Os1BGlu4 was predicted to localize to the cytoplasm, the pH of

which should be near neutral pH 7 (Berrin ef al. 2002).

Figure 3.13 SDS-PAGE profiles of Trx-His6-rOs1BGlu4 purification using IMAC. M,
standard marker (Bio-RAD), lane 1, crude protein, lane 2, flow through,
lane 3, solution washed by WO, lane4, solution washed by W0+5 mM
imidazole, lane 5, solution washed by W0+20 mM imidazole, lane 6,
solution washed by W0+50 mM imidazole, lane 7, solution washed by
W0+100 mM imidazole, lane 8, solution washed by W0+250 mM
imidazole, lane 9, solution washed by 500 mM imidazole, lane 10,

solution washed by 50 mM MES, pH5.0.
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Figure 3.14 SDS-PAGE profiles of Trx-His6-rOs1BGlu4 recombinant protein ex-
pressed in Origami B(DE3) after incubation at 20 for 16 hr. M, standard
protein marker (Bio-RAD), Lane 1, crude Trx-His6-rOs1BGlu4, lane 2,
purified Trx-His6-rOs1BGlu4, lane 3, Trx-His6-rOs1BGlu4 digested by

enterokinase, lane 4, purified rOs1BGlu4.
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Figure 3.16

The pH optimum for rOs1BGlu4 over the pH range of 2.0 to 9.0 (50 mM
citric acid and disodium hydrogen phosphate buffers with pH ranging
from pH 2.0 to pH 9.0). Os1BGlu4 (0.25 pg) was assayed with 1 mM

pNPG in different pH buffers at 30 °C for 10 min.
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The rOs1BGlu4 was relatively stable over the pH range of 6.0 to 8.0, when
incubated for up to 24 hr (Figure 3.17). As the time increased from 10 min to 24 hr, the
activity of rOs1BGlu4 decreased in all the pH buffers, but the descent of the activity
was relatively slight in pH 6.0- pH 8.0 when compared with the other pH buffers.
pH 7-8, temperature 0-4 °C are normal storage condition for many proteins, when major
protease contaminants have been removed (Ketudat Cairns and Esen 2010). As with
other proteins, pH extremes, co-purifying proteases, and microbial contamination may
result in degradation, although many B-glucosidases are resistant to proteases due to
their tightly folded core structure (Ketudat Cairns and Esen 2010). The purified
rOs1BGlu4 showed two bands on the SDS page accasionally (Figure 3.18), which may

result from internal cleavage but leaves the fold intact (Ketudat Cairns and Esen 2010).
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Figure 3.17 The pH stability of rOs1BGlu4 after incubation for 10 min to 24 hr at
30 °C over the pH range of 4.0 to 10.0 (formate pH 4.0; sodium acetate pH
5.0; sodium phosphate pH 6.0-8.0; CAPS pH 9.0-10.0). Aliquots of
enzyme in each pH buffer were sampled at the designated times and
diluted 5 fold and assayed in 50 mM phosphate buffer, pH 6.5, and

incubated with 1 mM pNPG at 30 °C for 10 min.
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Figure 3.18 SDS-PAGE profile of purified rOs1BGlu4 showed two band. M, protein

marker, lane 1-3, purified rOs1BGlu4.

3.4.6 Temperature optimum and thermostability of rOs1BGlu4

The temperature optimum for rOs1bglu4 was determined by incubating the
enzyme with 1 mM pNPG for 10 min at different temperatures ranging from 5 °C to
90 °C. The activity of rOs1BGlu4 at different temperature was normal distribution
(Figure 3.19), the peak was 45 °C. As the temperature increased from 5 °C to 45 °C, the
activity of rOs1BGlu4 increased correspondingly, as the temperature continued to
increase from 45 °C to 90 °C, the activity of rOs1BGlu4 decreased gradually. The
optimum point was 45 °C, which corresponded to the results that many f-glucosidases
have temperature optima near 50 °C (Konno et al. 1996, Akiyama 1998, Riou et al.

1998). However some B-glucosidases have higher optimal temperatures, such as the
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Thai rosewood and Dalbergia nigrescens B-glucosidases, which have a temperature
optima of 60 and 65 °C, respectively (Srisomsap et al. 1996, Chuankhayan et al. 2005).
Because high activity at temperatures above the extremes of the enzyme’s natural
environment is not physiologically relevant and these temperatures may result in rapid
heat denaturation, assays are often run at 30-40 °C (Ketudat Cairns and Esen 2010).

The thermostability study was performed by incubating the enzyme with
the phosphate buffer pH 6.5, at temperatures ranging from 20-60°C from 10 min to 60
min, and then aliquots of rOs1BGlu4 was assayed with 1 mM pNPG at pH 6.5 for 10
min. Figure 3.20 showed that the enzyme was stable at 20 °C and 30 °C forup to 1 hr
incubation. The rOs1BGlu4 lost about 20% of its activity when incubated at 40 °C for
20 minutes, rOs1BGlu4 was unstable at 50 °C and 60 °C, 70% of the activity was lost
with the 50 °C treatment after only in 10 min incubation, 83% of the activity was
lost in 20 min. At 60 °C, only 10 min incubation resulted in almost complete loss of
rOs1BGlu4 activity.

For rOs1BGlu4, the activity decreased even after 10 min incubation at 40,
50 and 60 °C, which indicated that irreversible inactivation of the enzyme, occurred at
temperatures higher than 40 °C. However, the Os4BGlul2 and BGlul were more stable
than Os1BGlu4, the irreversible inactivation happened at 50 °C (Opassiri ef al. 2003,
2006).

The maximum temperature for a given enzyme depends on a balance
between the rate of the catalytic reaction and enzyme denaturation. B-Glucosidases
from different organisms might have different optimum temperatures and stability,
which would reflect different interactions stabilizing the enzymes (Dixon and Webb
1979).

According to above analysis, 30 °C was used as the standard incubation

tem- perature in this experiment.
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Figure 3.19 Activity of rOs1BGlu4 over the temperature range from 5 to 90 °C.
rOs1BGlu4 (0.25 ng) was assayed with 1 mM pNPG for 10 min at the

designated temperature.
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Figure 3.20 Thermostability of rOs1BGlu4 for 10 to 60 min at 20-60 °C. Con-
centrated rOs1BGlu4 were incubated in the phosphate buffer (pH 6.5)
from 20-60 °C, aliquots of the enzyme (0.25 ng) at designated time were

assayed with 1 mM pNPG at 30 °C for 10 min.
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3.4.7 Substrate specificity of rOs1BGlu4

The activity of the purified rice Os1BGlu4 B-glucosidase towards natural
and artificial glycosides was characterized. Hydrolysis of pNP-glycosides with
different glycone moieties was used to assess glycone specificity of rOs1BGlu4. The
release of pNP was measured according to the pNP standard curve (Appendix figure 3).
The activity of the purified rice rOs1BGlu4 towards pNP-glycosides is summarized in
Table 3.5. Among the artificial pNP-glycosides, rOs1BGlu4 hydrolyzed the pNPG
with relatively high efficiency, and pNP-B-D-fucopyranoside was hydrolyzed at 82%
of the rate of pNPG. The rOs1BGlu4 hydrolyzed pNPG (keai/Ky, 17.92, s mM™)
and pNP-p -D-fucopyranoside (kea/Kyn, 9.34, s mM™) with high efficiency. Besides,
rOs1BGlu4 hydrolyzed pNP-B-D-galactopyranoside, pNP-B-D-cellobioside, pNP-a-L-
arabionopyranoside, pNP-B-D-mannopyranoside and pNP-B-D-xylopyranoside and at
4.32%, 3.39%, 2.4%, 1.8% and 1.0% the rate of pNPG, respectively. Hydrolysis of
pNP-a-D-glucopyranoside, pNP-a-L-fucopyranoside, pNP-N-acetyl-B-D-glucosami-
nide, pNP-B-D-maltoside, pNP-B-L-fucopyranoside and 2,4-dinitrophenyl-2-deoxy-2-
fluoro-B-D-glucopyranoside was not detectable.

Hydrolysis of pNP-glycosides with different glycone moieties was used
to assess the glycone specificity of rOs1BGlu4, and the results showed that the
rOs1BGlu4 was not stringent at the -1 subsite, where the non-reducing glycosyl
moiety is bound. This phenomenon is similar to many GH1 and GH3 B-glucosidases,
such as the rice Os3BGlu7 (Opassiri et al. 2003) and rice Os4BGlul2 and GH5BG

enzymes (Opassiri et al. 2006, 2007).
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Table 3.1 Relative activities of purified rOs1BGlu4 in the hydrolysis of pNP-derivatives.

No. Substrate Activity"(pmole/min/mg) Relative activity” (%)
1 pNP-B-D-glucopyranoside 5.69 100.00
2 pNP-B-D-fucopyranoside 4.6 80.94
3 pNP-B-D-galactopyranoside 0.25 4.32

4 pNP-B-D-cellobioside 0.19 3.39

5 pNP-a-L-arabinopyranoside 0.14 2.40

6 pNP-B-D-mannopyranoside 0.1 1.80

7 pNP-B-D-xylopyranoside 0.06 1

8 pNP-0-D-galactopyranoside n.d". n.d.

9 pNP-a-D-mannopyranoside n.d. n.d.

10 pNP-B-L-arabinopyranoside n.d. n.d.

11 pNP-B-D-maltoside n.d. n.d.

12 pNP-a-L-fucopyranoside n.d. n.d.

13 pNP-N-acetyl-B-D-glucosaminide n.d. n.d.

2,4-dinitrophenyl-2-deoxy-2-fluoro-
14 n.d. n.d.
B-D-glucopyranoside

15 pNP-a-D-galactopyranoside n.d. n.d.

*The assay contained 1 mM substrate in 50 mM sodium phosphate pH 6.5 buffer at 30°C
® Percentage activity relative to pNP released from pNP-B-D-glucopyranoside.

“n.d. means not detected

Substrate specificity of rOs1BGlu4 towards various kinds of oligosac-
charides was determined. The enzyme activity was assayed by incubating 0.125 ng
enzyme with 1 mM substrates in pH 6.5 phosphate buffer, at 30 °C for 20 min. The

released glucose was oxidized by PGO solution; the OD 405 nm was measured and
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compared with the glucose standard (Appendix figure 2). The results are summarized
in the Table 3.6. The rOs1BGlu4 hydrolyzed the B-1,3-linked oligosaccharide lamina-
ribiose and laminaritriose, but not laminaritetraose, laminaripentaose. [-1,4-linked
oligosaccharide cellobiose, cellotriose, cellotetraose, cellopentaose, cellohexaose can
be hydrolyzed at different rates. The rOs1BGlu4 can not hydrolyze chitopentaose
and the B-1,6-linked disaccharide gentiobiose. rOs1BGlu4 showed high hydrolytic
efficiency with B-(1, 3)-linked oligosaccharides with DP of 2-3. The hydrolysis rates
toward while those of cellotriose and cellotetraose are similar, about 70% of the rate
of laminaribiose, cellopentaose and cellohexaose were about 28% of the rate of
laminaribiose. By contrast, cellobiose is the most poorly hydrolyzed substrate. On the
TLC profile, rOs1BGlu4 showed hydrolytic activity towards laminari-oligosaccha-
rides and cello-oligosaccharides, but no measurable transglycosylation activity at the
concentrations tested (Figure 3.23).

The cello-oligosaccharides and laminari-oligosaccharides were reported to
be hydrolyzed by B-glucosidases which maybe involved in cell-wall related processes.
For example, rice Os3BGlu7 (BGlul), Os3BGlu8, and Os7BGlu26 and Os4BGlul2
(Kuntothom et al. 2009, Opassiri et al. 2010). Although, Os1BGlu4 was predicted to be
localized in the cytoplasm, surprisingly, it can hydrolyze the cellooligosaccharide with
DP 2-6 and laminari-oligosaccharides with DP 2-3 (Figure 3.9). Since Os1BGlu4 can
hydrolyze the oligosaccharides, the hydrolysis activity of Os1BGlu4 was compared
with some cell-wall remolding related B-glucosidases which have been characterized

before.



91

Table 3.2 Relative activities of purified rOs1BGlu4 in the hydrolysis of oligosaccharides.

No.  Substrate Activity’(umole/min/mg)  Relative activityb (%)
1 Laminaribiose 1.81° 100.00
2 Laminaritriose 1.50 82.77
3 Laminaritetraose n.d. n.d.

4 Laminaripentaose n.d. n.d.

5 Cellobiose 0.10 5.52
6 Cellotriose 1.27 69.96
7 Cellotetraose 1.39 76.91
8 Cellopentaose 0.53 29.22
9 Cellohexaose 0.48 26.61
10 Gentiobiose n.d. n.d.
11 Chitopentaose n.d. n.d.

*The assay contained 1 mM substrate in 50 mM sodium phosphate, pH 6.5, at 30 °C
PPercentage activity relative to glucose released from laminaribiose.

“The released glucose of laminaribiose and cellobiose was divided by 2 since one cut
produced two glucose molecules.

9Means not detected.

Natural substrate specificity of rOs1BGlu4 hydrolysis was determined to
study the possible natural substrate in rice. Some commercially available natural
substrates were tested at 1 mM final concentration (Table 3.7). The product was loaded

onto the TLC plate. The result indicated that salicin, esculin and para coumaryl alcohol
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glucoside (pCAG) can be hydrolyzed by rOs1BGlu4 (Figure 3.22). As judged from
the TLC plate, the glucose released from the esculin at the identical time is more than
that from salicin and pCAG. That suggested that esculin can be hydrolyzed more

efficiently than salicin and pCAG.
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Figure 3.21 Hydrolysis products of rice Os1BGlu4 with cello-oligosaccharides and
laminari-oligosaccharides and detected by TLC. In each 50 pL reaction,
0.125 pg Os1BGlu4 was incubated with 1 mM oligosaccharide in 50 mM
phosphate buffer, pH 6.5, at 30 °C for 20 min. Samples were incubated
with (+) and without (-) enzyme. Then, 2 pL of the reaction was loaded
onto the TLC plate. The plate was detected with staining method as
described in method 3.3.11.3. G, C2, C3, C4, C5, C6 stand for glucose,
cellobiose, cellotriose, cellotetraose, cellopentaose, cellohexaose, respec-
tively, L2, L3, L4, L5 stand for the laminaribiose, laminaritriose, lamina-

ritetraose, laminaripentaose, respectively.
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The rOs1BGlu4 was predicted to be a cyanogenic B-glucosidase and
clustered with a Hevea brasiliensis latex cyanogenic B-glucosidase (Opassiri et al.
2006), but the plant cyanogenic glucosides, linamarin, and its precursor amygdalin
were not hydrolyzed by rOs1BGlu4 (Table 3.7).

The Os3BGIu8 could only hydrolyse esculin among the tested natural
substrates, Os3BGlu6 can hydrolyze esculin, pCAG and salicin, the same as the
rOs1BGlu4, so, the co-expression of these genes was checked to determine whether
they are co-expressed. When Os1bglu4 expression was set to 1, the co-expression
of Os3Bglu6 is 0.58 (close to the threshold 0.6 significant level), but the Os3bglu8 is

not co-expressed (http://genecat.mpg.de). That possibly means the Os3bglu6 was

co-expressed together with the Os1bglu4 to implement a similar function by hydro-
lyzing similar glycosides.

Since the natural substrate is similar, the hydrolysis activity of Os3BGlu6
was compared with rOs1BGlu4 extensively. Os3BGlu6 hydrolyzed pNP-B-D-fucopy-
ranoside (k.q/K,, =67 s mM'l) and pNPG (k.o/K,y = 6.2 st mM'l), compared with
rOs1BGlu4 hydrolyzed pNP-B-D-fucopyranoside (ke/Kn =9.3 s mM™), pNPG

(keat/ Ky = 17.9 s' mM™).



Table 3.3 Commercially available natural substrates.
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No. Substrate Glucose  No. Substrate Glucose
1 Salicin + 14 n-octyl-p-D-glucoside -
2 Esculin + 15 GA, glucose ester -
3 Linamarin - 16 a-lactose -
4 D-amygdalin - 17 Sinigrin monohydrate -
5 Trans-zeatin glucoside - 18 Maltose -
6 Daidzin - 19 Metyl-B-D-glucopyranoside -
7 Genistin - 20 Arbutin -
8 Naringin - 21 Palatinose -
9 Queretin-3-glucoside - 22 mangiferin -

10 p-CAG + 23 lactulose -
11 Coniferin - 24 epigenin-7-glucoside -
12 Indoxyl-B-D-glucoside - 25 uridine -
13 n-hepty-B-D-glucoside -

‘+’ stands for glucose was detected, ‘-’ stands for glucose was not detected
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Figure 3.22 Hydrolysis products of rOs1BGlu4 with natural substrates. In 50 pL
reactions, rOs1BGlu4 (0.125 pg) was incubated with 1 mM natural
substrate in 50 mM phosphate buffer, pH 6.5, at 30 °C for 30 min. Two
microliters of the reaction was loaded onto the TLC plate. Carbohydrates
on the plate were detected as described in 3.3.11.3. Lane 1, glucose
standard, lane 2, salicintrOs1BGlu4, lane 3, salicin control reaction,
lane 4, esculintrOs1BGlu4, lane 5, esculin control reaction, lane 6,

pCAG+rOs1BGlu4, lane 7, pCAG control reaction.
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3.4.8 Kinetics analysis
3.4.8.1 Kinetic analysis of pNP-derivatives

The kinetic parameters (K, kcw, and k../K,) of rOs1BGlu4
enzyme in the hydrolysis of various pNP-B-D-glycosides were determined and the data
are summarized in Table 3.4. K, value measures affinity of the enzyme for substrate.
The lower K, value, the less substrate is needed to saturate the enzyme. The k., gives
a direct measure of the catalytic production of product under optimum conditions.
pNP-B-D-glucoside can be hydrolyzed by rOs1BGlu4 efficiently, with the k.,/K,, value
17.92 s'mM™'. pNP-B-D-fucoside can be hydrolyzed about 2-fold less efficiently than
pNPG by rOs1BGlu4. However, the K, value of pNP-B-D-fucopyranoside and pNPG
were similar at about 0.71+£0.02 mM, which indicated the k., value of pNPG is 2-fold
that of pNP-B-D-fucopyranoside. The pNP-B-D-cellobioside can be hydrolyzed slowly,
with the catalytic efficiency (k../K,, ) value 3.92 s' mMin terms of PNP release.
pNP-B-D-mannoside, pNP-a-L-arabinopyranoside and pNP-B-D-galactopyranoside
were hydrolyzed very slowly, with similar k./K, value about 0.5 s' mM™. The
pNP-a-L-arabinopyranoside has the lowest K, value, that means this substrate easily
saturates to the rOs1BGlu4, but the bond between the pNP and the L-arabinose is

difficult to cleave.
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Table 3.4 Apparent kinetic parameters of rice rOs1BGlu4 in the hydrolysis of

pNP-derivatives.

Substrate ket (S K, (mM)  keK, (S" mM™)
pNP-B-D-glucoside 12.76+0.18 0.71£0.02 17.92
pNP-B-D-fucoside 6.61+0.080 0.71%0.02 9.34
pNP-B-D-cellobioside 2.06:0.062 0.53+0.03 3.92
pNP-q-L-arabinoside 0.52+0.0043 0.38+0.02 0.43
pNP-B-D-galactoside 3.16+0.065 7.33+0.32 0.43
pNP-B-D-mannoside 1.25+0.025 2.24+0.03 0.56

3.4.8.2 Kinetic analysis of oligosaccharides

The kinetic parameters of rOs1BGlu4 enzyme in the hydrolysis of
various oligosaccharides were determined and the data are summarized in Table 3.5.
The rOs1BGlu4 hydrolyzed laminaribiose most efficiently, with the k.,/K, value of
12.45 s mM'l, followed by the cellotetraose, the k../K, value is 8.73 st mMmL
Laminaritriose, cellotriose, cellopentaose and cellohexaose can be hydrolyzed with the
gradually decreasing efficiencies. The cellobiose was hydrolyzed most slowly, with the
kea/ Ky value only 0.03 s'mM™!. In contrast, laminaribiose can be hydrolyzed 415-fold
more efficiently than cellobiose.

Rice Os3BGlu7, Os3BGlu8, and Os7BGlu26 hydrolyzed cello-
oligo-saccharides with increasing efficiency as the degree of polymerization (DP)
increased from 2 to 6, while Os4BGlul2 showed little increase in activity with DP of

4-6 (Ketudat Cairns and Esen 2010). By contrast, the hydrolysis rate of rOs1BGlu4 had
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a relatively big difference, the k../K,, increased from cellobiose to cellotetraose, and
decreased from cellotetraose to cellohexaose. The cellotetraose can be hydrolyzed at 8
fold higher efficiency than the cellohexaose, which indicated that the rOs1BGlu4 has

four subsites for binding of the glucosyl group.

Table 3.5 Apparent kinetic parameters of rOs1BGlu4 in the hydrolysis of oligosaccharide.

Substrate ke (S7) K, (mM) kel K (8" mM™)
Laminaribiose 4.67+0.09 0.38+0.02 12.45
Laminaritriose 3.37+0.55 0.6+0.03 5.63
Cellobiose 0.58+0.01 19.0+0.5 0.03
Cellotriose 2.74+0.06 0.59+0.03 4.64
Cellotetraose 2.27+0.03 0.26+0.01 8.73
Cellopentaose 2.15+0.03 1.07+0.04 2.01
Cellohexaose 1.08+0.02 1.1+0.05 0.99

3.4.8.3 Kinetics analysis of esculin

The kinetic parameters of rOs1BGlu4 enzyme in the hydrolysis
of esculin were determined. The hydrolysis product of esculin was esculetin, a yellow
compound, with the absorbance at 405 nm. Therefore, the standard curve of esculetin
was set up (Appendix figure 4). The kinetic parameters of hydrolysis activity towards
esculin was measured, the results showed that the k., is 2.13+0.04 s'l, the K,, is
0.55+0.02 mM and the catalytic efficiency, k../K,, is 3.86 s! mM'l, the esculin was

hydrolyzed about 3.8 fold less efficiency than pNPG.
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3.4.9 Inhibition study

The effects of selected chemicals on rOs1BGlu4 hydrolysis activity were
determined by adding to 10 mM final concentration of various possible inhibitors in
the substrate. The same reaction without the inhibitor was used as the control. The same
reaction components without the substrate were used as a blank. The results are shown
in Table 3.6. HgCl,, delta-glucono-lactone, FeCls, 1% SDS and CuSO,4 had strong
inhibitory effects on the activity of rOs1BGlu4. The HgCl,, delta-glucono- lactone,
FeCls were able to inhibit almost 100% of the hydrolysis activity of rOs1BGlu4.
Besides, 1% SDS also had strong inhibitory effect on rOs1BGlu4. The salts PbCl, and
CuSOy also have relatively strong inhibitory effects. The EDTA, CoSO4 and MnSO4
had no inhibitory effects on the hydrolysis activity of rOs1BGlu4. The rest of the
chemicals tested in the experiment have the inhibitory effects to the hydrolysis activity
of rOs1BGlu4 ranging from 38% to 7%.

In order to figure out the inhibition effect of the strong inhibitors, the strong
inhibitors were diluted, and the relative activity was measured (Table 3.10). The results
indicated that HgCl, is a very strong inhibitor to the hydrolysis activity of rOs1 BGlu4,
when the concentration deceased to 0.05 mM, the inhibitory effect was still 100%. The
activity recovered to 18% eventually when the concentration was diluted to 0.01 mM.
For the 8-glucono-lactone, 62% of the activity was recovered when it was diluted to 0.1

mM.
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Table 3.6 The activity of Os1BGlu4 when 10 mM of various inhibitor exist with 1

mM pNPG in 50 mM sodium phosphate, pH 6.5, at 30°C. The same reaction
without the inhibitor was used as the CK. The same reaction components

without the substrate were used as a blank.

No. Inhibitor Activity Relative activity remaining (%)
1 CK 8.1 100
2 HgCl, 0 0
3 Delta-glucono-lactone 0.02 0
4 FeCls 0.12 2
5 1%SDS 0.43 5
6 CuSOq, 2.49 31
7 PbCl, 4.16 51
8 L-Arabinose 4.96 61
9 Imidazole 5.92 73
10 Urea 5.91 73
11 D-Mannose 5.91 73
12 LiCl 5.88 73
13 NiSO, 6.4 79
14 ZnCl, 6.36 79
15 D-Glucosamine 6.82 84
16 D-Xylose 6.9 85
17 CdCl, 6.98 86
18 MgCl, 7.16 88
19 D-Glucose 7.29 90
20 D-Glucose 7.55 93
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Table 3.6 The activity of Os1BGlu4 when 10 mM of various inhibitor exist with 1
mM pNPG in 50 mM sodium phosphate, pH 6.5, at 30°C. The same reaction
without the inhibitor was used as the CK. The same reaction components

without the substrate were used as a blank (cont.).

No.  Inhibitor Activity Relative activity remaining (%)
21 CaCl, 7.8 96
22 KClI 7.88 97
23 L-Histidine 8.01 99
24 MnSO4 8.11 100
25 CoSOy4 8.16 101
26 EDTA 8.35 103

Table 3.7 The activity of rOs1BGlu4 when different concentrations of inhibitors were

present together with 1 mM pNPG in 50 mM sodium phosphate, pH 6.5, at 30 °C.

Inhibitor Concentration (mM) Relative activity (%)
d-glucono-lactone 10.0 0

1.0 14

0.1 62
HgCl, 10.0 0

1.0 0

0.1 0

0.05 0

0.01 18
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3.4.10 Sequential hydrolysis of pNP-cellobioside

When the concentration of the pNP-cellobioside was increased, the release
of pNP by rOs1BGlu4 decreased. This result indicated that the inhibition existed in
the hydrolysis of pNP-cellobioside. Therefore, the mechanism of hydrolysis of pNP-
cellobioside was studied. Hydrolysis times ranging from 5 min to 1 hr with 5 and 10
min intervals were tested. The pNP, pNPG and glucose was visualized by TLC. The
results indicated that at the initial reaction stage (5-20 min), no visible pNP can be seen,
but the pNPG and glucose can be seen clearly on the TLC (Figure 3.23). As the time
elapsed, pNP-cellobioside decreased gradually, more pNPG was produced and there
was visible pNP on the TLC at 30 min (Figure 3.23). All these phenomena indicated
that the initial cut happens between the two glucose molecules, not at the bond between
pNP and cellobiose.

Similar to rice BGlul and GH5BG (Opassiri et al. 2004, Opassiri et al.
2007), rOs1BGlu4 cleaved the B-glucosidic bond between the two glucose residues in
pNP-B-D-cellobioside, thereby releasing glucose and pNPG, however, the pNPG
released by BGlul and GH5BG was hydrolysed rapidly, but the pNPG released by
rOs1BGlu4 was hydrolyzed relatively relatively slowly, because the pNPG appeared

after 5 min, the pNP was found after 20 min.

3.4.11 Transglycosylation activity of rOs1BGlu4
It is known that many glycosyl hydrolases have transglycosylation activity
as well as hydrolytic activity towards the substrates (Wang et al. 1994, Mackenzie et al.
1998, Wang et al. 2002). In order to investigate the translgycosylation activity of the

rOs1BGlu4, the pNPG was used as the glucose donor; ethanol and pNPG were used as
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glucose acceptors. The same reaction without the ethanol was used as the control. The
results showed that both the ethanol and pNPG can form the glycosidic bond with the
glucose which was cut from the pNPG (Figure 3.24). The TLC results had many kind of
synthesized chemicals when pNPG was used as the receptor, by contrast, only one
product was seen from the TLC when ethanol was used as the receptor (Figure 3.24 A).

The identity of the synthesized product was not verified.
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Figure 3. 23 Sequential hydrolysis of pNP-cellobioside on the TLC plate. In a 50 puL
reaction, 0.125 ug rOs1BGlu4 was incubated with 5SmM pNP-cellobioside
in 50 mM phosphate buffer, pH 6.5, at 30 °C. The reaction was sampled at
the designated time points (5-60 minutes). Two microliters of the reaction
were loaded onto the TLC plate. The plate was detected first by UV light,
and then detected by H,SO, staining, as described in method 3.3.11.3.
G, glucose, pG, pNPG, CK, pNP-cellobioside in buffer without enzyme,
C2, cellobiose, pNP, p-nitrophenol, 5-60, 5 minute to 60 minute reaction.
A: TLC plate visualized by UV light. B: TLC plate visualized by staining

method.
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It was reported that the almond-galactosidase catalyzed transglycosylation
only in the presence of considerably high concentration of acceptor substrate (0.5-2M)
(Dey 1979). However, some B-glucosidase showed transglycosylation activity towards
oligosaccharides with DP of 2-4 at relatively low substrate concentration (2 mM)
(Akiyama et al. 1998). In this experiment, the transglycosylated product was only
visible when the volume of ethanol was 20-30%. Nothing can be seen on the TLC when

the concentration of ethanol was 10% and 50%.

pG G CK 10 20 30 50 20B pG G CK 10 20 30 50 20B

Figure 3.24 Transglycosylation activity of rOs1BGlu4. G, glucose, pG, pNPG, CK,
pNPG was used as both donor and acceptor, 10, 20, 30, 50 stand for the
10%, 20%, 30% and 50% (v/v) of the ethanol as the receptor in the
reaction. The reaction included 10 mM final concentration of pNPG. 20B,
the reaction included 20% of the ethanol, 20 mM final concentration of
pNPG. Black arrows showed the product of the reaction which ethanol
was used as the receptor. A: TLC plate visualized by staining method. B:

TLC plate visualized by UV light.
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The effects of different incubation times and substrate concentrations on
the transglycosylation were investigated. At low pNPG concentration (0.5 mM), at all
incubation times, no visible tranglycosylation product can be seen on the TLC (Figure
3.25). For 5 mM pNPG concentration reaction, some transglycosylation product can be
seen after 1 hour incubation, and the product become less after 2 hours incubation, and
invisible after 3 hours incubation, the pNPG had the same changing trend. In contrast,
the glucose and the pNP increased gradually as the incubation time increased. For the
10 mM, 20 mM and 40 mM pNPG concentration and the transglycosylation product
had the same changing trend were similar to that of the 5 mM pNPG concentrations as
the incubation time increased.

From the TLC, the transglycosylation product was closely related to the

PNPG concentration. The higher concentration of pNPG, the more transglycosylation

product (Figure 3.25 A).

M CK a0.5 a5 al0 a20 ad0 bO.5 bS bl0 b20 b40 0.5 €5 ¢l0 ¢20 ¢40 M CK a0.5 a5 al0 a20 a40 b0.5 bS blO b20 b40 c0.5 ¢5 <10 ¢20 c40

Figure 3.25 The effects of the different incubation times and substrate concentrations
on the transglycosylation activity of Os1BGlu4. M: marker, including
pNPG (white arrow), pNP-cellobioside (black arrow). CK, the same
reaction without rOs1BGlu4. 0.5-40, stand for 0.5 mM pNPG, 5 mM
pNPG, 10 mM pNPG, 20 mM pNPG, 40 mM pNPG in the reaction, a, b, ¢
stands for 1, 2, 3 hour incubation time. A: TLC plate visualized by UV

light. B: TLC plate visualized by staining method.
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3.4.12 Possible biological functions of rice Os1bglu4 p-glucosidase

The EST profile showed that Os1bglu4 mRNA is expressed in shoots, root,
stem, leaf and callus of rice, which means the Os1bglu4 involved in many physio-
logical processes. The capability of Os1BGlu4 to hydrolyze cello-oligosaccharides and
laminaribiose and laminaritiose indicated that the Os1BGlu4 may be involved in cell
wall related processes. The lignification of secondary cell walls is thought to involve
the activation of monolignols by removal of B-glucosyl residues from monolignol
glycosides, like coniferin, syringin and pCAG (Hosel and Barz 1975, Dharmawardhana
et al. 1995, Escamilla-Trevifio et al. 2006), pCAG can be hydrolyzed by Os1BGlu4,
from this point, the Os1BGlu4 could again be involved in the process of cell wall
related lignification. The Os1BGlu4 hydrolyze the oligosaccharides which are taken up
into the cell by membrane transporter after the production from cell wall to release the
glucose to supply the cell with energy.

The capability of Os1BGlu4 to hydrolyze salicin and esculin showed that
it may involved in plant pathogen and herbivore resistance, since the product of
hydrolysis of salicin is similar to salicylic acid, which is recognized as an endogenous
regulatory signal in plants mediating plant defence against pathogens (Malamy et al.
1990, Durner et al. 1997), together with the Os1BGlu4 EST expression after drought
and blast stress (Opassiri et al. 2003).

The Os1BGlu4 maybe a multifunctional enzyme, involved in many plant

development processes, according to the analysis above.
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3.5 Conclusion

The recombinant thioredoxin-Os1BGlu4 (Trx-His6-rOs1BGlu4) fusion protein
was functionally expressed in OrigamiB (DE3). Sixteen hour incubation at 20 °C,
without IPTG inducer produced the most Trx-His6-rOs1BGlu4. The biochemical
characterization showed that the optimum pH for the hydrolysis by rOs1BGlu4 was
6.5. The rOs1BGlu4 was stable over the pH range of 6.0 to 8.0 for 24 hr incubation.
The optimum hydrolysis temperature was 45 °C. The rOs1BGlu4 was stable at 20 and
30 °C for 1 hr.

The rOs1BGlu4 efficiently hydrolyzed B-(1, 3)-linked oligosaccharides with
DP of 2 and 3, and B-(1,4)-linked oligosaccharide with DP of 3 and 4. Cellopentaose
and cellohexaose can be hydrolyzed with less efficiency. The laminari-oligosaccharides
with DP more than 3 are not hydrolyzed. The rOs1BGlu4 can hydrolyze pNPG
efficiently; the pNP-fucopyranoside was hydrolyzed with about 50% hydrolysis
efficiency of the pNPG. Based on the kinetic parameters, others pNP-derivatives can be
hydrolyzed with low efficiency. According to TLC results, salicin, esculin and p-CAG
can be hydrolyzed by rOs1BGlu4.

The Os1BGlu4 was predicted to localize to the cytoplasm, but it may still be
involved in cello- and lamimari- oligosaccharides hydrolysis and might contribute
to the formation of lignin by monolignol/glucoconjugate equilibrium or to pathogen,

herbivore resistance.
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CHAPTER IV

FUNCTIONAL ANALYSIS OF Os1BGlu4 IN RICE

4.1 Abstract

The transcription pattern of Oslbglu4 was studied by qRT-PCR. The results
showed that the Os1bglu4 had higher expression at early stage after germination, and
its expression decreased gradually to a steady level. In 14 day rice seedlings, root had
the highest Os1bglu4 expression, followed by the leaf and shoot. By contrast, Os1bglu4
had the highest expression in panicle, followed by root, leaf and sheath, and no
expression was detected in rice seed at booting stage (characterized by a swelling of the
flag leaf sheath which is caused by an increase in the size of the panicle as it grows up
the leaf sheath). The expression of Os1bglu4 was induced under both the drought and
salinity stress. The Os1bglu4 expression pattern after rice blast stress was investigated
extensively, the results showed that the expression of Oslbglu4 was induced to a
relatively high level in the blast resistant rice NIL, and only moderately induced in the
blast susceptible rice NIL. The result suggested that the Os1bglu4 may be involved in
the drought, salinity and rice blast stress responses. The coding sequence of Os1bglu4
gene was cloned into the pMDCS83 plant expression vector. The 3’ untranslated region
(UTR) sequence of Os1bglu4 was amplified and cloned into the RN A1 vector pOpOff2.
The pMDC83 empty vector, pMDC83-Os1bglu4 and pOpOff2-UTR were transformed
into the rice cultivar Nipponbare by Agrobacterium-mediated transformation, and the

TO seeds were collected. The segregation of T-DNA in T1 seeds showed that T-DNA
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segregation conformed to Mendelian genetics. The subcellular localization of Osl-
BGlu4-GFP is cytosol. The activity test of pOp6 promoter in the RNAI transgenic rice
showed that 30 uM DEX is necessary for strong induction of GUS activity; no GUS
activtiy was detected without DEX induction. The high concentration of DEX had no
significant effect to the germination rate of rice seeds. The phenotype analysis showed
that the Os1bglu4 overexpression lines (oe) have more root hair than that of the wild
type (wt), and Os1bglu4 gene knock down lines (RNAi) had the least root hair, when
germinated in the water. Aside from the root hair in the seedling stages, there was no
visible difference in the overall morphologies among wt, oe, RNAi and the transgenic
rice which was transformed with the pMDCS83 plant expression empty vector (vetr).
Under drought and salinity stress, no visible phenotype was observed in the wt, oe,
RNAI and vetr. Under rice blast stress, the oe showed higher resistance to the blast
stress, the wt and vetr had moderate resistance, the RNAI line suffered severe lesions
from the blast infection. In conclusion, the Oslbg/u4 may involve in the blast re-

sistance and root hair formation.

4.2 Introduction

Beta-glucosidases (B-D-glucopyranoside glucohydrolases, E.C. 3.2.1.21) are
enzymes that hydrolyze glycosidic bonds to release non reducing terminal glucosyl
residues from glycosides and oligosaccharides (Ketudat Cairns and Esen 2010).

In plants, these enzymes are involved in variety of processes, such as release of
glucose from cell-wall derived oligosaccharides, defense against herbivores and fungi
by release of toxic compounds from inactive glycosides, activation of lignin precursors

in lignification, release of phytohormones from inactive glycosides, release of scent,
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and general activation of glucose-blocked intermediates in metabolism (Esen 1993).

Forty rice genes homologous to GHI1 B-glucosidase have been identified from
rice genome databases, 34 of which are likely to form active glycosidases (Opassiri et
al. 2006). So far, few genes were conferred biological functions experimently. The
Os3BGIlu7 (BGlu 1) and its close relatives Os3BGlu8 and Os7BGlu26 were found to
release glucose from oligosaccharides generated in cell wall remodeling at various
stages of plant development. Besides this, the possible function of Os3BGlu7 includes
the release of the coenzyme pyridoxine from its glucose-conjugated storage form
(Opassiri et al. 2003, Opassiri et al. 2004). Recently, Os4BGlul3 and its close relative
Os4BGlul2, were found to act on tuberonic acid glucoside B-glucosidase (OsTAGG1),
and Os4BGlul2 was possibly involved in defense and hydrolysis of cell wall-derived
oligosaccharides during development or wounding (Opassiri ef al. 2010, Wakuta et al.
2010).

Os1BGlu4, the only putative rice GH1 B-glucosidase without a secretory signal
peptide, clustered with Arabidopsis BGlu42 and Hevea brasiliensis latex cyanogenic
B-glucosidase, represented an independent cluster in sequence-based phylogenetic
analysis. The substrates specifictiy showed rOs1BGlu4 can hydrolyze B-1,3 linked
oligosaccharides with DP of 2-3, B-1,4 linked oligosaccharide with DP of 2-6, p-CAG,
esculin and salicin, which suggested that Os1BGlu4 may be involved in various
biological functions. The possible functions include defence to pathogen and
herbivores, and degradation of oligosaccharides to release glucose. It is also interesting
that rOs1BGlu4 can hydrolyze oligosaccharides, since it was predicted to localize in the
cytoplasm.

Here, the function of Os1BGlu4 was hypothesised by transcription analysis

under normal growth conditions and stress conditions, and the subcellular localization
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determinated, together with the phenotype analysis of overexpression and knock-down

of Os1bglu4 gene in rice cultivar Nipponbare.

4.3 Materials and Methods

4.3.1 Plant materials

Rice (O. sativa L. spp. japonica) seeds of Nipponbare cultivar, was

provided by Professor Li Shigui from Sichuan Agricultural University, China.

4.3.2 Bacterial strains and vectors

Agrobacterium tumefaciens is a gram-negative soil bacterium that causes
crown gall disease in plants by infecting cells through plant wound. 4. tumefaciens
strain EHA 105, is a virulent strain with high transformation efficiency (Nadolska-
Orczyk and Orczyk 2000, Saharan et al. 2005). DH5a is a recombination-deficient
suppressing E. coli strain used for plasmid cloning.

pENTR/D-TOPO (Invitrogen) was used to clone the UTR sequence of
Os1bglu4 gene, and do the LR reaction with the Gateway® compatible vector pOpOff2
RNAI vectors .

The plant Gateway expression vector pMDCS83, obtained from the
Common- wealth Scientific and Industrial Research Organisation (CSIRO), contains a
double 35S promoters and a hygromycin resistance gene for expression and selection in
the plant (Curtis and Grossniklaus 2003). The pMDCS83 vector contains a green
fluorescence protein (GFP) gene as the reporter gene and contains a histidine tag for

protein purification (Figure 4.1). It also contains the left border (LB) and right border



119

(RB) for Agrobacterium transformation into the plant genome. The attR1 and attR2
represent the recombination sites into which the target genes was recombined to replace

the ccdB gene used for negative selection.

pMDCS3
Paci Asel
358 oedd
— RE cm' gfpbhis NosT | Hyg B
atiR1 aiR2

Figure 4.1 Schematic diagrams of the T-DNA of the plant Gateway expression

plasmids pMDCS3.

The plant RNAi gateway vector pOpOff2, obtained from CSIRO, is a
vector system for dexamethasone-inducible RNAi. The production of hairpin RNA1
from this system can be turned on and off by the application and removal of dexame-
thasone (Wielopolska et al. 2005). The inducibility of hairpin RNAi from this system
may be very useful in helping to identify the functions of genes which when con-
stitutively silenced give embryo lethality or complex phenotypes. The LB and RB
represented the left border and right border of the vectors, the system utilizes a
modified pHELLSGATE vector, under the control of the pOp6 promoter and the

synthetic transcription factor, LhGR (Figure 4.2) (Wielopolska et al. 2005).



120

35S

T
7
.~

hyg' B

attR1 | jattR2 | |attR2 | [attR1

‘Spectinomycin

Figure 4.2 Schematic diagrams of the RNAi vector pOpOff2

4.3.3 Construction of recombinant plant expression vector

The forward primer MDC83-f (AAGTCTAGAATGGGGAGCACGGG
GCGCGAC) which introduces the Xbal restriction site (underlined letters) and reverse
primer MDC83-r (AGGGCGCGCCAGTTCATGTCAGCTTTGTTC) which intro-
duces the Ascl restriction site (underlined letters), were used to amplify the Os1bglu4
coding sequence from the cDNA. The PCR product was purified by QIAquick PCR
Purification Kit (QIAGEN), and cut with Xbal and 4scl. The pMDCS83 vector was also
cut with Xbal and Ascl, the cut pMDC83 and Os1bglu4 PCR product were ligated by
T4 DNA ligase, and transformed into DHS5a E. coli by electroporation. The positive
clones were selected on 50 pg/mL kanamycin LB agar. Colony PCR was used to check
the positive clone with gene specific primers. The recombinant plasmids were extracted
from positive clones. Several plasmids were digested with HindlIl and X#hol. Then, the
correct plasmids were sent to sequence (Macrogen) to confirm the correct reading

frame.
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4.3.4 Construction of RNAIi vector

A 373 bp long sequence of 3’ untranslated region of rice Oslblgu4 gene
was selected as the RNAIi hairpin sequence (simplified as UTR hereafter), which was
used to BLAST in the nucleotide sequence database to make sure it is unique to
Oslbglu4 gene. The UTR sequence was amplified from 14 day rice seedling cDNA
library, with forward primer UTR-f (CACCGCCATCCTGAAGAAAGTAAAGG),
which contains the CACC for pENTR-D/TOPO recombination site, and reverse
primer UTR-r (GGGCAAACCTCTGAATTTGATC), both primers are designed from
the Oslbglu4 cDNA sequence, the UTR sequence was purified, and inserted into
pENTR-D/TOPO Gateway entry vector by conducting TOPO reaction, and then
subcloned into the pOpOff2 RNAi vector by LR Clonase reaction. pENTR/D-
TOPO-UTR coiled plasmid (80 ng) and pOpOff2 (100 ng) were incubated together in
a 5 puL reaction that contains 1 pL of LR Clonase™ II enzyme mix (Invitrogen). After
overnight incubation at 25 °C, proteinase K (1 pg/uL) was added, the reaction was
stopped by incubation at 37 °C for 10 min. The LR reaction product was transformed
into DH5a E. coli competent cell by electroporation and positive clones was selected
with 30 pg/mL spectinomycin on an LB-agar plate. Colony PCR was used to confirm
the positive clone with the gene specific primer. The plasmids of positive clones were

extracted and the DNA sequence was checked by Xbal digestion.

4.3.5 The Agrobacterium competent cell preparation and transformation

The Agrobacterium EHA 105 cells were streaked on a YEP agar (Tryptone
1 g, NaCl 0.5 g, Yeast Extract 1 gand agar 1.5 gin 100 mL H,O) (Vega et al. 2008), and

incubated at 28 °C for 2 days. A single colony was picked and incubated in 2 mL of
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YEP medium (Tryptone 1 g, NaCl 0.5 g and Yeast Extract 1 g in 100 mL H,O)
supplemented with 50 mg/L rifampin at 28 °C with shaking at 200 rpm overnight. Then,
2 mL of overnight starter culture was transferred into 100 mL YEP medium, and shaken
at 200 rpm at 28 °C until the ODg( of the culture reaches 0.5 (Rashid ez al. 1996). The
bacterial culture was transferred into pre-chilled centrifuge tubes and placed on ice
for 15-30 min prior to centrifugation. The chilled bacterial culture was centrifuged at
4000 g at 4 °C for 8 min and supernatant was discarded as much as possible. The cell
pellets was resuspended gently in 30 mL of ice-cold 10% glycerol, and centrifuged
again at same speed 8 min. The supernatant was discarded and the cell pellet was
resuspended in 20 mL of ice-cold 10% glycerol, and centrifuged as above. After
discarding the supernatant, the cell pellet was gently resuspended again in 10 mL
ice-cold 10% glycerol by pipeting, and centrifuged again at same speed 8 min, the cell
pellet was resuspended with 1 mL GYT medium, and was dispensed into pre-cooled
tubes as 100 pL aliquots and kept immediately at -70 °C.

The competent EHA 105 was thawed on ice and mixed with 150 ng
pMDCS83, pMDC83-Oslbglu4 and pOpOff2-UTR, respectively. The mixture was
transferred to a pre-chilled electroporation cuvette and electroporated at 1800 Voltage
(Electroporator, BioRad). Electroporated cells was mixed immediately with 900 uL
YEP broth and incubated at 28 °C for 3 hr with 100 rpm revolution. After centrifugation
and resuspension, the transformed cells were spread on 50 pg/mL kanamycin YEP agar

and kept at 28 °C for 2 days for selection.

4.3.6 Callus induction of Nipponbare rice seed

The dehulled rice seeds of Nipponbare cultivar were washed with 70%
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ethanol 3 min, sterilized DI H,O washing twice, 0.1% Hg 18 min, sterilized DI H,O
washing 5 times, blotted with sterile tissue paper. The sterile seeds were put on callus
induction NMB medium (pHS5.8) (Appendix table 5) (Enriquez-Obregon et al. 1999).
The sterilized seeds were placed on NMB medium and cultured at 32 °C under
continuous light for 5 days (Toki et al. 2006). After 5 days, the calli were separated

from the rice seeds and subcultured on a fresh NMB medium for another 3 days.

4.3.7 Infection of the callus

The Agrobacterium strain EHA 105 harboring pMDC83-Os1bglu4 and
empty pMDCB83 plasmids was streaked on YEP agar supplemented with 50 mg/L
kanamycin and 50 mg/L rifampin. The Agrobacterium strain EHA 105 harboring
pOpOff2- Osl1bglud-RNAi was streaked on YEP medium supplemented with 100 mg/L
spectinomycin and 50 mg/L rifampin. The recombinant EHA 105 was incubated in the
dark at 28 °C for 2 days. The colonies were confirmed by colony PCR.

The positive Agrobacterium on the YEP plate was inoculated in 3 ml YEP
broth and incubated overnight at 28 °C, 200 rpm, and 1 ml of the culture was inoculated
into 100 ml YEP broth which was supplemented with 25 mg/L rifampin, and incubated
at 28 °C, 200 rpm until the OD600 reach 0.5. And the cell pellet was obtained by
centrifugation at 3000 rpm for 8 min. The same volume of AAM (pH 5.2) (Appendix
table 6) medium was used to resuspend the Agrobacterium cell (Hiei et al. 1994).

The subcultured calli were soaked in the AAM resuspended Agrobacterium
for 18 min. The excess Agrobacteria on the callus surfaces was removed by blotting
twice on sterile tissue paper. The calli then were transferred to co-cultivation medium

(NMB, pH 5.2, supplemented with 100 uM acetosyringone) for 2 days in the dark, at 28 °C.



124

4.3.8 Positive callus selection
Three days later, the calli were washed to remove Agrobacterium with
sterilized distilled water until the water turned clear, followed by 3 times of washing
with sterile distilled water containing 250 mg/L cefotaxime, five min each time. The
calli were blotted on sterile tissue paper and transferred to selection medium (NMB
medium, supplemented with 50 mg/L hygromycin, 500 mg/L carbenicillin, 500 mg/L
cefotaxime) (Nauerby et al. 1997), and incubated at 28 °C for about 3 weeks, in the

dark.

4.3.9 Plant regeneration

After 3 weeks, surviving calli was transferred to the MS regeneration
medium (Appendix table 3). The calli were cultured under 16 hr light and 8 hr dark
photoperiod (Kumar et al. 2005), until the regenerated shoots are produced, the
regenerated plants with good shoot systems was transferred to hormone-free MS
medium (root medium) for root elongation and the plants were allowed to grow for an
additional 2 weeks. Well-developed plantlets were put in small pot filled with soil, and
in the first 7 days the plants was covered by a transparent plastic bag to maintain the

moisture. After that, the plant was moved to the paddy field.

4.3.10 Transgenic rice check and T1 segregation analysis

The primer hpt-f (TACACAGGCCATCGGTCCAGA) and hpt-r (TAGGA
GGGCGTGGATATGTC), which was designed to detect the DNA fragment of hygro-
mycin phosphotransferase (hpt) gene, was used to check for the transgenic rice

checking, the target fragment length was 832bp (Ma et al. 2004). The genomic DNA of
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regenerated rice plantlet was extracted as DNA template to select the transgenic rice in
TO plantlet. The positive transgenic rice was planted in small pot and then paddy field
until enough transgenic seed produced. The T1 generation was germinated in a growth
chamber at 28 °C (SHEL LAB INCUBATOR 2020). Genomic DNA of the T1 plantlets
was extracted from rice leaves to check the transgenic rice. The numbers of T-DNA
negative plants and T-DNA positive plants were counted. The segregations of T1
transgenic generations were calculated according to the formula: x2= (|A-3a|-2)2/ 3(A+a)
(A is the number of T-DNA positive seeds, a is the number of T-DNA negative seeds, df

=1, (X=0.05, Xz 0.05,1)= 384) (Xiang et al. 2008)

4.3.11 Osl1bglu4 transcription pattern analysis
4.3.11.1 Stress treatments of rice seedlings and sample collection

Germinated seeds were placed on wet filter papers in Petri dishes
and incubated in an incubator of 26 °C and 14 h/10 h (L/D) photoperiod for 14 d (Yang
et al. 2006), and then subjected to the following treatments. Dehydration treatment was
performed by transferring the seedlings to hydroponic solution supplemented with 20%
PEG6000 (Liu et al. 2007). For salt stress, seedlings were grown in hydroponic solution
containing 200 mM NaCl (Xiao et al. 2007). Whole seedlings were harvested at 0, 0.5,
1, 3, 6, 12 and 24 hr after initiation of each treatment (Qiu and Yu 2009). After rinsing
with DI H,O three times, the collected samples were blotted dry and stored at -70 °C
until RNA extraction (Wan et al. 2007). For rice blast infection, the cDNA (including
the blast susceptible rice near isogenic line (NIL) RD6 and blast resistant NIL 4qBL, at
time point 0, 6, 12, 24, 48, 72, 96 hr and 7 days  after infection) were kindly provided

by Wassamol Ehkhara and Dr. James R. Ketudat-Cairns.
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4.3.11.2 RNA extraction and measurement

Total RNA was extracted from different part of wild type
Nipponbare cultivar (leaves, shoots and roots) at various growth stages with Trizol
reagent accroding to the instructions of manufacture (Invitrogen). Total RNA was
extracted from wild type and transgenic rice leaves at appropriate time points after
different stress treatments. About 100 mg rice leaf, root or shoot was homogenized with
liquid nitrogen in a mortar. TRIzol (Invitrogen) (1 mL) was added to the sample and
thoroughly mixed. Chloroform (200 pL) was added to the sample and shaked
vigorously by hand for 15 seconds and incubated at room temperature for 3 min.
Centrifuge the tube at 12,000 rpm for 10 min at 4 °C. The aqueous phase was trans-
ferred to a new tube, 0.5 mL isopropanol was added to precipitate the RNA, and
centrifuged at 12,000 g at 4 °C for 10 min. The supernatant was discarded and 1.2 mL
of 75% ethanol was added to wash the RNA by vortex, and centrifuged at 8000 g for
5 min at 4 °C. The supernatant was discarded and the RNA pellet was dried. RNase free
DI H,O (30 pL) was added to dissolve the RNA and stored at -80 °C. Twenty ug
aliquots of total RNA from each sample was denatured and electrophoresed on formal-

dehyde 1.2% agarose gel.

4.3.11.3 Reverse Transcription
Reverse transcription was carried out with the SuperScript™ 111
first-strand synthesis system for Real Time-PCR following the procedure of Invitrogen.
Two microliters of total RNA, 1 puL oligo dT (20) (50 uM), 1 uL 10 mM dNTP mix and
DEPC H,O0 to 13 uL were mixed to make RNA/primer mixture, incubated at 65 °C for

5 min and then on ice for at least 1 min, 5x first strand buffer 4 uL, 0.1 M DTT 1 puL,
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RNaseOUT 1 pL and 1 puL (200 units) of SuperScript™ III Reverse Transcriptase were

added to the RNA/primer mixture, mixed briefly, and then incubated the tubes at 55 °C
for 1.5 hr, heated to inactivate at 80 °C for 15 min, and then chilled on ice. The 1st

strand cDNA was stored at -20 °C until use for real-time PCR.

4.3.11.4 Real-Time PCR

The Oslbglu4 qRT-PCR primers, RT-f (GTGGAGAGAATAGA
AAAATGG) and RT-r (CTCATCCATGCCATTCTCAG), template were designed to
avoid genomic DNA contamination in the cDNA by overlapping separate exons of the
Os1bglu4 gene to detect the presence of the Os1bglu4 cDNA. The actin (Actin-f: TGC
TATGTACGTCGCCATCCAG, Actin-r: AATGAGTAACCACGCTCCGTCA) (Dai et
al. 2007) and ubiquitin (Ubi-f: CACGGTTCAACAACATCCAG, Ubi-r: TGAAGACC
CTGACTGGGAAG) primers (Ryu et al. 2009) were compared to select the better
reference gene. The result showed that the actin has similar size and amplification
efficiency as the RT primer of Os1bglu4 (Figure 4.40). Therefore, the actin primers
were used in this experiment. The reaction consist of 10 pL of 2x kapa SYBR FAST
qPCR Master Mix, 1 uL 2 uM RT-f and RT-r, 1:20 diluted cDNA template and H,O to
20 puL. The cDNA copy number was detected using a Bio-Rad Chromo4 real-time PCR
detection system (Bio-Rad, CA, USA). The PCR reaction was initiated with denatu-
ration at 95 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 sec,
annealing at 60 °C for 30 sec and extension at 76 °C (for RT primer) or 81 °C (for Actin
primer) for 15 sec, the fluorescence signal was read at the end of each extension step.
Subsequently, a melting curve was generated by heating (1 °C /s) the PCR products

from 50 °C to 95 °C to determine the specificity of the PCR products. The PCR product
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was examined by 2% agarose gel using 8 puL aliquot from each reaction. The real-time
PCR result was analyzed using the Cr values according to the the 2% Method (Livak

and Schmittgen 2001).

r——
—
500 bD —
— — — c—
200 bp
100 bp - - _— -

Figure 4.3 The selection of reference gene. M, 100 bp DNA marker, lanes 1, 2 and 3
showed 12, 8 and 4 day seedlings cDNA amplified with RT-f and r primers,
respectively. Lanes 4, 5 and 6 show 12 day, 8 day and 4 day seedlings
cDNA amplified with ubiquitin primers. Lanes 7, 8 and 9 show 12 day, 8

day and 4 day seedlings cDNA amplified with Actin primers.

4.3.12 Os1BGlu4 B-glucosidase localization
4.3.12.1 Protoplast extraction
Dehulled seeds of rice cultivar Nipponbare were sterilized with
75% ethanol for 1 min. These seeds were further sterilized with 2.5% sodium hypo-
chlorite for 20 min, washed at least five times with sterile water and then incubated on
1/2 MS medium with a photoperiod of 12 hr light (about 150 umolm'zs'l) and 12 hr dark

at 26 °C for 7-10 days. Etiolated tissues from the stem and sheath of 60 rice seedlings
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were used. A bundle of rice plants (about 30 seedlings) were cut together into
approximately 0.5 mm strips each time with propulsive force using sharp razors. The
strips were immediately transferred into 0.6 M mannitol for 10 min in the dark. After
discarding the mannitol, the strips were incubated in an enzyme solution (1.5%
Cellulase RS, 0.75% Macerozyme R-10, 0.6 M mannitol, 10 mM MES at pH 5.7,
10 mM CaCl, and 0.1% BSA) for 4-5 hr in the dark with gentle shaking (60 rpm). After
the enzymatic digestion, an equal volume of W5 solution (154 mM NaCl, 125 mM
CaCl,, 5SmM KCl and 2 mM MES at pH 5.7) was added, followed by vigorous shaking
by hand for 10 sec. Protoplasts were released by filtering through 40 um nylon meshes
into round bottom tubes with 3-5 washes of the strips using W5 solution. The pellets
were collected by centrifugation at 1,500 rpm for 3 min with a swinging bucket. After
washing once with W5 solution, the pellets were then resuspended in MMG solution
(0.4 M mannitol, 15 mM MgCl, and 4 mM MES at pH 5.7) at a concentration of 2% 10°

cells/mL (Zhang et al. 2011).

4.3.12.2 Protoplast transfection

PEG-mediated transfections were carried out as described (Yoo et
al. 2007). Briefly, for each sample 5-10 pg of plasmid DNA (pMDC83-Os1bglu4 and
pMDC83-Os4bglul8, obtained from S. Baiya) were mixed with 100 uL protoplasts
(about 2 x10° cells). Freshly prepared PEG solution [40% (W/V) PEG 4000; 0.2 M
mannitol and 0.1 M CaCl,] (110 pL) were added, and the mixture was incubated at
room temperature for 10-20 min in the dark. After incubation, 440 uL. W5 solution was
added slowly. The resulting solution was mixed well by gently inverting the tube, and
the protoplasts were pelleted by centrifugation at 1,500 rpm for 3 min. The protoplasts

were resuspended gently in 1 mL WI solution (0.5 M mannitol, 20 mM KCI and 4 mM
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MES at pH 5.7). Finally, the protoplasts were transferred into multi-well plates and

cultured under light or dark at room temperature for 6-16 hr.

4.3.12.3 Fluoresence microscope
Protoplasts were observed using a fluorescence microscope
(Olympus [X71) and visualized by a digital microscope camera (Olympus DP70). GFP
was excited at 488 nm wavelength. The emission filters used were 500-530 nm for
GFP. The localization of Os4BGlul8-GFP was used as reference. All fluorescence

experiments were repeated independently at least three times.

4.3.13 The activity of pOp6 promoter determination

The pOp6 promoter in the pOpOff2 RNAi vector drives both the hairpin
sequence and GUS gene. The GUS activity can be an assessment of the pOp6 promoter.
The 14 day RNAI line seedlings were incubated with or without DEX for 12 hr, the wild
type was used as negative control. The GUS activity under 10 uM and 30 puM final
concentration of DEX was compared. Expression of GUS in rice cells was assayed as
described by (Rueb and Hensgens 1989) with 5-bromo-4-chloro-3-indolyl glucuronide
(X-Gluc) as substrate. Rice tissues were incubated in phosphate buffer (50 mM NaPOy,
pH 6.8) contained 1% Triton X-100 at 37 °C for 1 hr. The buffer was removed and fresh
phosphate buffer containing 1.0 mM X-Gluc and 20% methanol was added to the
seedlings. The reaction mixture was placed under a mild vacuum for 5 min, incubated
overnight at 37 °C, and then tissues were examined visually. Cells that expressed GUS
were dark blue. Seedlings were washed twice in 99% methanol for 2 hr before the

visual examination (Hiei e al. 1994). The effect of different concentration of DEX was
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also determined by qRT-PCR. The 14 days RNAI line seedlings were incubated with 0,
10 and 30 uM DEX repectively, after 12 hr incubation, the seedlings was washed and
used for RNA extraction. The Os1bglu4 expression of 0 puM DEX treatment was used
as calibrator.

The effects of DEX and ethanol on the germination of rice seeds were also
determined. Wild type seeds and RNAi seeds were used in the experiment. Each type
seeds was germinated in DI H,O or DI H,O supplemented with 30 uM DEX, about 50

seeds were used in each treatment, 3 replicates.

4.3.14 Phenotype analysis
4.3.14.1 Overall morphology analysis

The well-established transgenic rice plant (T0) was planted in soil,
until it produced enough seeds. The T1 seeds (wt, oe, RNAi and vetr) were germinated
in growth chamber for 14 days at 28 °C under 14 hr/10 hr light/dark condition. The
RNAI line seeds were supplemented with 30 uM DEX to induce the knockdown of the
Os1bglu4d gene every 4 days. After 14 days, the seedlings were transferred to soil pot
and grown at 26 °C under 14 hr/10 hr light/dark condition until mature, since then, the
addition of the 30 uM DEX to the RNAIi line seedlings stopped because of the huge
expense of DEX, except once at the booting stage, which was done to investigate the
effect of Os1bglu4 to the development of the flower and seed. The heights of rice and
root length were measured at various time points, and the overall morphology was

recorded.
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4.3.14.2 Root hair phenotype analysis
The root hair of 14 day rice seedlings of all transgenic lines and
wt were checked and photographed. The Oslbglu4 expression was checked by
qRT-PCR using wt root Oslbglu4 expression as calibrator. The seeds were also
germinated in 1/2 MS medium, after 14 days, the root hair of each line was also
checked. To further prove that the Os1bg/u4 involved in the root hair formation, the wt
root was grouped to two types, one with more root hair (Mrh), the other with less root

hair (Lrh), and the expression of Os1bglu4 was checked by qRT-PCR.

4.3.14.3 Phenotype analysis under abiotic stress
To simulate the stress conditions, the 14 day rice seedlings were
transferred to 1/2 MS medium, 10% PEG 6000 was added to simulate the drought stress
(Lian et al. 2004), 100 mM NaCl was added to simulate salinity stress (Lutts et al.
2002), after 3 days, the symptom was checked, and after washing with DI H,O, the total
RNA of seedlings were extracted, and the Os1bglu4 exression was determined. The
water loss percentage was measured by weighing the seedlings before and after the

abiotic stress treatments (Qiu and Yu 2009).

4.3.14.4 Phenotype analysis under rice blast stress
For making the rice blast stress, the concentration of the conidia
of Magnaporthe grisea [Blast THL 810 (collected from Ubon Ratchathani, Thailand)]
suspension was adjusted to 5x10°/ml with 0.2% gelatin solution, and 4 mL of the
Magnaporthe grisea suspension was used to inoculate 14-day-old rice seedlings using

sprayer (Chen et al. 2010). Plants were covered with plastic bags during inoculation
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and for 24 hr after inoculation in order to maintain humidity. After 24 hr the plants were
removed from the bags and placed in a chamber at room temperature (lab environment).
After 7 days the seedlings were inspected for disease symptoms (Hamer et al. 1989,
Jarosch et al. 1999), the lesion spots were evaluated and recorded principally according
to the method of Valent and Chumley (1991), the spots were classified to big spots and
small spots according to 1 mm diameter. The spots were counted based on three
seedling leaves, three replicates. After washing with DI H,O, total RNA of leaves was

extracted, and the Os1bglu4 expression was determined.

4.4 Result and Discussion

4.4.1 The construction of plant overexpression vector pMDC83-Os1bglu4
The PCR product in Figure 4.3 has a intense band at near 1.5 kb, it is the
expected size (1463 bp) of coding region of the Os1bglu4. Colony PCR indicated that
most clones were positive clones (Figure 4.4). The pMDC83-Os1bglu4 was checked,
the results showed that all plasmids checked were correct (Figure 4.5), then; the
sequences of these constructs were check by sequencing. The sequence analysis
comfirmed that correct open reading frame of Os1BGlu4 was fused to GFP protein

(Figure 4.6).
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1.5 kb

Figure 4.4 The PCR product of amplification of coding sequence of Os1bglu4 using
the pET32-Os1bglu4 as DNA template, with MDC83-f and MDC83-r

primer. Lane 1, 1 kb DNA marker, lane 2, PCR product.

1.5kb;

Figure 4.5 The PCR product of colony PCR, with MDC83-f and MDCS83-r primer. M,
1.5 kb DNA marker, lane 1-22, colony PCR product, lane 23, positive

control, lane 24, negative control.



135

Figure 4.6 Plasmids (pMDC83-Os1bglu4) were digested by HindIll and Xhol. M, 1 kb

DNA marker, lanes 1, 4, 7, 10, 13, 16, 19, 22, 25 plasmids. Lanes 2, 5, 8, 11,
14, 17, 20, 23, 26, corresponding plasmids digested with HindIll. Lanes 3, 6,

9,12, 15,18, 21, 24 and 27, corresponding plasmids digested with X#ol.
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A €€ TCTATATA AGGAAGTICATITCATI IGGAGAGGACCTCGACTC TAG AT GGGGAGCAC GG
GGCGCGACGOGEAGGEIGACCCGOGECGACT ICCOCGACGGCTICGTICTICGGCGTCGCCAC
CTCCGCTTACC AGATTGA AGGGECGAGACGEEAGGGAGECA A AGGAGATA ACATATGGEAT
GTTTTCACAGA 448 40 A4 AGA ACGTATCTTAGATGE A AGCAGTGGAGA AGTTGC AGTIGATC
ATTACCATCGATACA AGGAAGAC ATTGA ACTCATGGCCAGTI TGGGTT ICCGTGCTTATAGAT
ITTICTATATCTIGGOCCACGCATATT ICCTEATGGCCTEGGGA AA AATGTCAATGAGCAAGEAG
TIGCCTTTTATA ATGACCTIATA A ATTTCATGATTGAGA A A GETATTGAGCCATACGCAACTCT
CTATCATTGGGATCTICCACATA ATCTICAGCAGACTETCCGTEGT TGGCTITCTGATA AGAT
COTGEAGTACTITGCACTOTATGC AGAAGCTIGCTI TG CAAATTTIGGAGACAGAGTAAAGC
ATTGGATA ACA ATCAATGAGCCTICTICAA ACTGCAGTIAATGGT TACGGA AT TGGACATITIC
CACCTGEAGGATETGAAGGEEA A ACTEC TAGATGC TACTTGGCCGCCCACTACCAA ATCTTG
GCTCATGCTGCTGCTGT IGATGTITAC AGAAGGA A ATTIA AGGCTGTIGC AAGGTGGTGAAGT
AGGCTTGGETTGIC GAT TG TG AATGGGCAGAGC CATTTICAGAGAS A ACAGAAGATCAGETT
GUTGCAGAACGA AGCC TIGACTITC AGC TAGGATOGTACCTGGACCCAATATATITCGGTGA
TTACCCAGAAAGTATGCGTCAGCGACTAGGCGATGATCT ICCAACCTICTCGGAGAAAGATA
AAGAATTTATCAGEAACAA A ATTGACTT TGTIGGAATAA ATCATTATACTICAAGATICATTG
CTCATCATCAGGATCCAGAAGATATITATT ITTACCGAGTACA AC AAGTCGAGAGAATAGA AN
AATGGAACACCGETGAA A AN ATTGGTEA AAGGECOGCATC TGAGTGGCTITICATAGTICCT
TOGGGCCTCCGEAAATTACTIA AT TATGC AGC A4 AGAGATATGGA AATCC TG TGATATATGTA
ACTGAGAATGEC ATGEATGAGGAAGATEATCA ATCOGECAACGCTTGACCAAGTCT TG AATGA
TACGACGAGGGTIGGT LACTICA A AGGATACCTCGCGTCAGT IGCACA AGCAATCAAGEATG
GTGCTEATGTICGIGGGTACT ICGCATGGTCGTICC TGGACAACTICGAGTGGGCTATGGGAT
ACACCAAGAGETTTIGGC ATTETT TATGT TGATTACA A AA ATGGGCTTICC CGGCATCCCAL A
GUATCGGCCCGOTEGGTICTCGCGCTTICTIA A AGGOUEATGACGE TGAGAACA AAGCTGACA
TGEAACTEECGOEEE TCCEGEGCEEEECC GEIRCCGEIAG A ANERA TG GTA AAGGAGA AG

AACTITICACTGGAGT IGTCCCAATICT

2 X 35S Promoter Smal
——— TCTAGAACTAGTTAATTAAGAATTAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTATCACAAGTTTGTACAAAAAA
Xbal Pac]

Pstl Xbal BamHI Kpnl Sacl attR1

Cm" ccdB

TTTC TTG TAC AAA GTG GTG ATA GCT TGG CGC GCC TCG AGG GGG GGC CCG GTA CCG GTA GAA AAA- »

{R2 Pasi  ——— Konl
2 Xhol o GFPS His tagged

Figure 4.7 The sequence analysis of recombinant pMDC83 vector. showed the
start of Oslbglu4 and GFP, respectively. The dark region indicated the
correct amino acid codon and open reading frame of the GFP protein. The

underlined letters are restriction sites of Xbal and Ascl, respectively. A:

Sequence of recombinant pMDCS83. B: Diagram of pMDCS3.
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4.4.2 The construction of RNAi vector pOpOff2-UTR

The UTR sequence was amplified from the genomic DNA of rice seedlings.
Figure 4.7 showed a intense band at near 400 bp, it is the size of expected (373 bp) UTR
sequence of Oslbglu4. The PCR product was cloned into the pENTR-D/TOPO, and
the reaction product was transformed into the DHS5a. Colony PCR check with gene
specific primer indicated that all checked clones were positive clones (Figure 4.8). The
pENTR-D/TOPO-UTR plasmid was extracted and recombined with the pOpOff2, the
reaction product was transformed into the DH5a. Colony PCR showed 5 clones were
correct (Figure 4.9), and the plasmids were extracted and digested with Xbal, the
expected size of Xbal digestion are about 12 kb, 5.2 kb, 1.8 kb, 1.5 kb, 0.8 kb and 0.37
kb (Figure 4.10 B). Figure 4.10 A shows that plasmid No. 10 and No. 13 were basically
correct, except for a 0.47 kb band which was predicted to be 0.37 kb. Maybe the
UTR sequence have the problem, therefore, the sequence of pENTR/D/TOPO-UTR
were checked, the result showed that the UTR sequence in the pPENTR/D/TOPO-UTR
plasmid was correct, and the size of UTR region was 0.37 kb (Figure 4.10 C). Maybe
the Xbal cutting sites between the ‘int’ and the ‘RB’ have the extra nucleotides
sequence besides the UTR sequence. So, the effect of hairpin RNA in the RNAi vector
had to be determined further in the transgenic plant by qRT-PCR. The results showed

that the hairpin RNA was active in the RNAI1 transgenic rice (Figure 4.28).
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Figure 4.8 The UTR amplicon from Os1bglu4, M, 100 bp DNA marker, lane 1, PCR

product.

400bp

400bp

Figure 4.9 The result of colony PCR for the pENTR-D/TOPO-UTR with the gene
specific primers. M, 100 bp DNA marker, lane 1-20, colony numbers, lane

21, positive control, lane 22, negative control.
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Figure 4.10 The result of colony PCR for the pOpOff2-UTR with the gene specific
primers. M, 100 bp DNA marker, lane 1-14, colony numbers, lane 15,
pOpOff2 empty vector as DNA template, lane 16, positive control, lane 17,

negative control.

GTAAAACGACGGCCAGTCTTAAGCTCGGGCCCCAAATAAT
GATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAA
ATTGATGAGCAATGCTTTTTTATAATGCCAACTTTGTACA
AAAAAGCAGGCTCCGCGGCCGCCCCCTTCACCATGGTGCT
GATGTTCGTGGGTACTTCGCATGGTCGTTCCTGGACAACT
TCGAGTGGGCTATGGGATACACCAAGAGGTTTGGCATTGT
TTATGTTGATTACAAAAATGGGCTTTCCCGGCATCCCAAA
GCATCGGCCCGGTGGTTCTCGCGCTTCTTAAAGGGCGATG
ACGCTGAGAACAAAGCTGACATGAACTAGGCCATCCTGAA
GAAAGTAAAGGAACATTACACAGTAATCGTTTCTGCTGTT
Lkb GTTGTATCTTATATTGATATATGTAGTGTATCTATTCATC
ATCATAATAGTGTATCTTATATTGATATACATCTCAGATG
500 bp TGCTATTTAGTTTGTCATTGATCAAATTCAGAGGTTTGCC
CAAGGGTGGGCGCGCCGACCCAGCTTTCTTGTACAAAGTT
GGCATTATAAGAAAGCATTGCTTATCAATTTGTTGCAACG
AACAGGTCACTATCAGTCAAAATAAAATCATTATTTGCCA
TCCAGCTGATATCCCCTATAGTGAGTCGTATTACATGGIC
ATAGCTGTTTCCTG C

Figure 4.11 The DNA fragments of pOpOff2-UTR plasmids digested with Xbal. A:
plasmids digested with Xbal. M1, 1 kb DNA marker, M2, 100 bp DNA
marker, lane 1, plasmid No. 8, lane 2, plasmid No. 10, lane 3, plasmid No.
11 and lane 4, plasmid No. 13. B: The cutting site and size of Xbal
digestion. C: UTR sequence of Os1bglu4 in the pENTR/D/TOPO. Yellow
shaded letters are M 13-f, M13-r primer region. Underlined letters are the

UTR-f, UTR-r primer region.
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4.4.3 The production of transgenic rice

Both the pOpOff2-UTR and pMDC83-Os1bglu4 were transformmed into
Agrobacterium EHA105. The recombinant Agrobacterium was comfirmed by colony
PCR by gene specific primers.

Nipponbare rice seed after about 1 week’s incubation generated small calli
(Figure 4.11), the calli were subcultured into fresh callus induction medium for 3 more
days, then, the calli (Figure 4.12) were used for infection. The scutellum tissue from
1-day pre-cultured seeds has been reported to be capable for Agrobacterium-mediated
transformation (Toki e al. 2006). However, for the 1-day pre-cultured seeds, the calli
were very small, very difficult to manipulate to cut the calli off the seed, therefore,
1 week old calli-seed complexes were used to isolate the calli. Early infection of
rice seeds also enhanced efficient selection of transformed calli and reduced the
possibility of somaclonal variation accompanying prolonged culture of rice cells in the

dedifferentiated state (Toki et al. 2006).
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Figure 4.12 Small calli of Nipponbare rice seed. The circle showed the callus part of

the seeds.

Figure 4.13 The subcultured calli ready for Agrobacterium infection.
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The Agrobacterium infected calli were placed onto the co-culture medium
and kept in the dark for 3 days then transferred to hygromycin selection medium. After
5-7 weeks, some of the calli became brown or black (Figure 4.13). Only yellow calli
were transferred to regeneration medium. After about 4 weeks of incubation, some of
the calli generated small shoots (Figure 4.14). The green shoot was transferred to
rooting medium to generate roots. About 1 week, roots generated from some of the
plantlets (Figure 4.15). When the roots became prosperous (Figure 4.16), the plantlets
were pulled out of the medium; the root was washed clean with water. Then, the
seedlings were transferred to new flask, incubated with water. The flask was moved
outside of the green house for about 1 week to help the transgenic seedlings adapt to the
natural environment before planting in paddy field. The transgenic rice leaves were cut,
and genomic DNA (gDNA) was extracted from the leaves. The gDNA was used as
template to amplify the hygromycin phosphotransferase (hpt) gene fragment to check if
they were real transgenic rice. Parts of the results were shown in Figure 4.17. The hpt
gene positive plantlets were planted in the paddy field to produce TO generation seeds
(Figure 4.18), after 4 months of growth, the transgenic plants were mature (Figure 4.19),

and the seeds of TO generation were collected.
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Figure 4.14 The calli after hygromycin selection for 5-7 weeks. The black arrow point

to the black or brown calli.

Figure 4.15 The calli generated small shoots.
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Figure 4.16 Roots were generated from small plantlets.

Figure 4.17 The root of the transgenic rice grows prosperously in root medium.
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Figure 4.18 TO generation trsangenic rice seedlings check with sp¢ gene primers. M,
DNA marker, lane 1-34, transgenic gDNA numbers, lane 35, negative

control, lane 36, positive control.

Figure 4.19 The transgenic rice was planted into paddy field.
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Figure 4.20 The transgenic rice becomes mature after 4 months of growth.

4.4.4 T-DNA segregation analysis in T1 generation

The gDNAs of overexpression lines and RNAI1 lines were extracted from
the T1 rice seedling leaves. The hpt primer was used to amplify the hpt fragment from
the gDNA. The results showed 27 rice seedlings among 38 were hpt positive for the
overexpression lines (Figure 4.20), the x2 = 0.14, less than 5% signifiance level (3.84),
which indicated that the segregation of T-DNA in T1 generation for the overexpression
lines conformed to the 3:1 Mendelian genetics. Among 44 rice seedlings, 30 were hpt
positive for the RNAi lines (Figure 4.21), the x* = 0.76, less than the 5% signifiance
level (3.84), which indicated that the segregation of T-DNA in T1 generation for the
RNAI lines conformed to the 3:1 Mendelian genetic ratio. The result is similar with the
former reseach conclusion that the progeny derived from transformed plants inherited
the foreign gene in a Mendelian manner (Thiery et al. 1978, De Block et al. 1984,

Budar et al. 1986).
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Figure 4.21 PCR product of amplification with the Ap¢ primers using gDNA as

template. M, 1 kb DNA ker, lane 1-38, gDNA extracted from T1 rice

leaves. Lane 39, negativ: trol, lane 40, positive control.

Figure 4.22 PCR product of amplification with the hpt primers using RNAi lines
gDNA as template. M, 1 kb DNA marker, lane 1-44, gDNA extracted from

T1 rice leaves. Lane 45, positive control, lane 46, negative control.
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4.4.5 Transcription pattern analysis
4.4.5.1 The spatial and temporal expression of Os1bglu4 gene

The total RNA from various rice samples were extracted, reverse
transcribed to cDNA, the Os1bglu4 expression was measued by real time PCR, relative
to actin reference. The temporal expression of Os1bglu4 was checked using the 14 day
seedling as the calibrator (Figure 4.22). The results indicated that after germination, the
Os1bglu4 have higher expression at day 2 and day 4, moderate expression at day 6 and
8 after the green shoot appeared, and decreased to a steady level after day 8.

The spatial expression of Os1bglu4 was checked using the 14 day
seedling leaf Os1bglu4 expression as calibrator (Figure 4.23). The result showed that
14 day seedlings had the highest expression level in root, and a low level in the stem. In
booting stage rice, expression of Oslbgl/u4 was detected in high level in panicle,
moderate levels in root, leaf and sheath, and low level in stem. The overall expression
pattern of Oslbglu4 was similar to their representation in the EST database (http://

www.ncbi.nlm.nih.gov/UniGene/ESTProfile\Viewer). The Oslbglu4 expression was

higher in the young seedling root than that in the booting stage rice, which indicated
that Os1bglu4 may play a more important role in the root development at early stages of
rice growth. Unlike Os1bglu4, rice Os3bglu7 expressed highly in the germinating shoot
and flower and its product enzyme, may act in hydrolysis and recycling of oligo-
saccharides generated from rapid cell wall expansion during seed germination and
flower expansion (Opassiri et al. 2003). Another cell wall related B-glucosidases
Os4bglul2 has high levels of transcription in the shoot during germination, in the leaf
sheath and stem of mature rice plants under normal growth conditions (Opassiri et al.
2010). The different levels of transcription in different parts of plant between Os1bglu4,

Os3bglu7 and Os4bglul2 may reflect the different biological functions.
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root, Sm, stem, Sh, sheath, Pa, panicle. Data are given as the mean+S.E.

The experiment was repeated in triplicate.
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4.4.5.2 The expression of Os1bglu4 gene under abiotic stress

The expression of Oslbglu4 under PEG and NaCl stress were
investigated. The Os1bglu4 expression in 14 day seedlings without treatment was used
as the control. Figure 4.24 shows that the NaCl treatment induced the expression of
Os1bglu4 to 2 fold more than the control after 1 h, the expression reach the peak after
30 min to 1 h, and decreased gradually to a steady state from 3 to 24 hr. In contrast, the
relative Os1bglu4 expression of control closed to 1 at the designated time points. The
initial differences between control and stressed plants continued for hours but became
less pronounced as the plants adapted over time. The interpretation of an adaptive
process was supported by the similar analysis of salinity-sensitive rice (Kawasaki et al.
2001). PEG treatment trigered the highest expression of Os1bglu4 to 2.5 fold more than
that of the control, the peak point was 1 h after PEG treatment, the expression decreased
gradually after 1 hr of incubation, but stayed higher expression than that of the control.
The inducible nature of Os1bglu4 by abiotic stress suggested that it is at least partially
involved in the drought and salinity stress resistance of rice. The transcript level of
Os4bglul2 was found to be induced in response to herbivore attack and salinity stress
(Kawasaki et al. 2001, Wang et al. 2005), which indicated that both Os1bglu4 and

Os4bglul2 involve in salinity stress response.

4.4.5.3 The expression of Os1bglu4 gene after blast stress
The EST database showed that Oslbglu4 was expressed after
blast infection (Opassiri et al. 2006), which triggered the hypothesis that Oslbglu4
is involved in blast resistance. The expression of Oslbglu4d after blast stress was

extensively investigated using both the blast susceptible RD6 near isogenic line
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(NIL) and the resistant NIL 4qBL at various time points. The Os1bglu4 expression of

RD6 at time 0 were used as calibrator.

Expression of Os1bglu4 after abiotic treatment
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Figure 4.25 Real-time PCR of Os1bglu4 showing abiotic treatment expression. The
14 day seedlings Oslbglu4 expression without treatment was used as
calibrator. WO, the plant without treatment, NaCl, 200 mM NaCl, PEG,
20% PEG6000. Data are given as the mean+S.E. The experiments were

repeated in triplicate.

Figure 4.25 shows that the expression of Os1bglu4 was induced
in both blast susceptible and resistant rice NIL 6 hr after the infection, however, the
expression increased 7.7 fold in the blast resistant cultivar but only a 2.8-fold increase
was observed in the blast susceptible rice cultivar. The highest Oslbglu4 expression
was observed at 12 hr after blast stress, 22 fold higher expression was found in the blast
resistant NIL, while only 6.37 fold was found in the blast susceptible NIL. The high

expression continued until 24 hr in both cultivars, and decreased dramatically in the
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blast susceptible NIL, but still remained much higher than the blast susceptible rice NIL.
The expression of Os1bglu4 in the blast resistant rice cultivar had almost 2 fold more
expression than the susceptible NIL, even 96 hr after the blast stress, after which it
decreased to normal expression level. For temporal expression without blast infection,
the Os1bglu4 expressed about 0.9-1.5 fold in both NIL, the expression of blast resistant
NIL had higher expression than blast susceptible NIL most of the time except for the 48
and 96 hr, although the differences were not significant. These results suggested that
Os1bglu4 might be involved in the rice blast stress resistance.

There are two possible ways for Os1bglu4 to involve in the blast
resistance. One way is by cyanogenesis mechanism (Hughes ef al. 1992). Os1BGlu4
clustered with a cyanogenic B-glucosidase (Opassiri et al. 2006) which will produce
cyanide from its glucoside conjugate, the active cyanide may be involved in resistance
to the pathogen. The other way is by release of the phytohormone from its inactive
glucoside. Since the rOs1BGlu4 could hydrolyze the salicin to release the active
salicylic acid (SA) in vitro (Figure 3.22). SA is involved in endogenous signaling,
mediating in plant defense against pathogens (Hayat and Ahmad 2007).

The expression of Os1bglu4 was induced in high quantity at 6 hr
after inoculation; the expression was highest at 12 hr and kept the high expession level
up to 24 hr. The pattern of the Os1bglu4 expression generally conforms to the theory
that the majority of the rice blast spores start to germinate on rice leaves by 6 hr after
inoculation and the majority of appressoria start to penetrate into the rice epidermal
cells 24 hr after inoculation (Zeigler et al. 1994).

The blast resistant gene BWMK1 was found to be highly induced,
but at different time points when compared with the Os1bglu4 expression (He et al.

1999, Kim et al. 2000, Cheong et al. 2003, Nakashima et al. 2007). This may result
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from cooperative work of different genes in the complicated and elaborate cell
machinery. The gene expression in the resistant and susceptible reactions was altered
significantly at 24 hr after blast infection. The difference in the expression profiles of
some defense genes between the resistant and susceptible reactions at this time point
may contribute to the outcome of the disease phenotype at a later stage of infection

(Jantasuriyarat et al. 2005).
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Figure 4.26 Real-time PCR of Oslbglu4 showing blast infection expression. The
Oslbglu4 expression of RD6 at time 0 were used as calibrator. S, blast
susceptible rice NIL, R, blast resistant rice NIL, no, without blast
inoculation, bl, with blast inoculation. Data are given as the mean+

S.E. The experiment was repeated in triplicate.
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4.4.6 Os1BGlu4 subcellular localization analysis
The localization of Os1BGlu4 was determined, the result showed that Os1-
BGlu4-GFP existed in the cytoplasm (Figure 4.26), as predicted by bioinformatics
study, in contrast, the control, Os4BGlul8-GFP localized mainly in the cell membrane

(Figure 4.27). The information of subcellular localization could contribute to the

knowledge of biologic function of the protein.

Figure 4.27 The subcellular localization of Os1BGlu4-GFP. The scale bar is 20 um.

A, fluorescence image, B, mixed image, C, bright field image.

Figure 4.28 The subcellular localization of Os4BGlul8-GFP. The scale bar is 10 um.

A, fluorescence image, B, mixed image, C, bright field image.
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4.4.7 pOp6 promoter evaluation

The activity of pOp6 promoter in the pOpOff2 vector was measured by
GUS staining (Figure 4.28). The results showed that the RNAI lines supplemented with
the DEX have the GUS activity, and the activity was not identical, RNAi+D1 (30 uM
DEX) have stronger activity than the RNAi+D2 (10 uM DEX). In contrast, no GUS
activity was detected in the RNA lines without the DEX and the wild type Nipponbare.
Ten micromolar of the final concentration of DEX was recommended for the induction
of pOp6 promoter (Wielopolska et al. 2005), in this study, the 10 uM final con-
centration of DEX was used initially, but the real time PCR results showed the knock
down of the gene was not significant (Figure 4.29 ), therefore, 30 uM final con-
centration of DEX was used instead to compare the induction effect, the result showed
the 30 uM final concentration had a stronger reduction of Os1bglu4 expression than the
10 uM (Figure 4.29). The GUS activity under two concentrations were determined,
correspond to the results of real time PCR, the 30 uM DEX showed stronger activity
than that of the 10 uM treatments (Figure 4.28). However, DEX was dissolved in the
absolute ethanol, and a higher percentage of the ethanol may inhibit the growth of the
rice, therefore, the effect of 30 uM DEX on the germination of rice seeds was measured.
The results showed that there was no significant difference in the germination rate
between the DI H,O and 30 uM DEX treatment for both the RNAI line seeds and wild
type seeds (Table 4.1). The result suggested that 30 uM DEX was safe when sup-
plemented in the DI H,O, and 30 uM concentration of DEX was used in the subsequent

experiment.
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Figure 4.29 The GUS staining of the RNAI lines. RNAi+D1 and RNAi+D2 are RNAi
lines supplemented with 30 uM DEX and 10 uM DEX, respectively.
RNAI 1 and RNAIi 2 are RNAI lines without the DEX, wt is the wildtype
Nipponbare. A is the tip of the seedlings. B is the middle and bottom of the

seedlings.
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Figure 4.30 The knock-down effect of Oslbgl/u4 under different dexamethasone
concentrations. The Oslbglu4 expression in 0 puM DEX treatment was
used as the calibrator. Data are given as the mean+S.E. The experiment

was repeated in triplicate.

Table 4.1 The effect of DEX to the germination rate of the seeds. RNAi+H,O is the
RNAI line seeds germinated in DI H,O, RNAi+Dex is the RNAI line seeds
germinated in DI H,O supplemented with 30 uM DEX, WT+H,O is the
wild type seeds germinated in DI H,O, WT+Dex is wild type seeds

germinated in DI H,O supplemented with 30 uM DEX.

Germination Germination Germination

Treatment Rate 1 Rate 2 Rate 3 Average
RNAHH,0  73% 79% 82% 78%4.6%
RNAiDex ¢y, 81% 78% 80%2.1%
WT+HH:0 75% 84% 80% 80%+4.5%
WT+Dex

70% 80% 79% 76%+5.5%
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4.4.8 The phenotype analysis of Os1bglu4 gene
4.4.8.1 Os1bglud promotes root hair development

The phenotype was checked between the transgenic lines and
wild type Nipponbare using the 14 day rice seedlings which germinated in tap water,
the results showed that the amount of root hair between each line was different (Figure
4.30). The oe had the most root hairs, the wt and vetr had similar root hairs, by contrast,
the RNA1 treated with 30 uM DEX had the least root hairs, and the phenomenon was
comfirmed by repeating the experiment. The roots of 5 seedlings of each type were cut
off, the RNA was extracted, and the mRNA expression of Os1bglu4 was determined by
qRT-PCR. The result showed that oe had the highest Os1bglu4 expression (Figure 4.31),
by contrast, RNAI treated with 30 uM DEX had the lowest expression, the wt and vetr
had the moderate expression. Strangely, when rice seeds were germinated in 1/2 MS
mdium, the difference of the amount of root hair between the oe and the wt were not
different (Figure 4.32), but the RNAi treated with 30 uM DEX still had the lowest
amount of root hair.

The tube-like growth pattern of root hairs is essential to their
function in root anchorage and for increasing the area of soil exploitable by the plant.
Root hairs form from root epidermal cells. Their development occurs in four phases:
cell fate specification, initiation, subsequent tip growth and maturation (Gilroy and
Jones 2000).

Several genes that control root epidermal cell fate specifi- cation
have been identified. Mutants that suppress root hair formation, or those that lead
to the production of ectopic root hairs, indicate possible hormone (ethylene and

auxin)-related mechanisms of cell fate specification. For example, in the ctr-7 mutant
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of Arabidopsis, all root epidermal cells produce root hairs. CTR-1 encodes a protein
kinase of the Raf superfamily that is involved in ethylene signal transduction (Tanimoto
et al. 1995).

Root hair initiation, is regulated by genes sensitive to hormonal
and environmental factors (Schiefelbein 2000). The auxin-resistant mutant (axr2)
produced fewer root hair bulges (Wilson et al. 1990), and the defect of root hair
initiation in root hair defective (rhd6) can be reversed by treatment with auxin or the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) can rescue the root
hair initiation, which indicated that auxin and ethylene are important players in
root hair elongation in Arabidopsis (Masucci and Schiefelbein 1994,d 1996). A
root-hair-specific Medicago truncatula cDNA library was constructed to study the
relative gene expressions. Two kinds of genes are found most abundant in this library,
Methionine synthase and B-glucosidase. Methionine synthase is critical for protein
metabolism, B-glucosidase is involved in the initiation by loosening the cell wall
(Covitz et al. 1998). However, the Os1BGlu4 should not play the role as cell wall
loosener in the formation of root hair since it is localized in the cytoplasm (Figure 4.26).
A more reasonable hypothesis is that Os1BGlu4 hydrolyzes IAA-glucoside to release

the biologically active IAA to promote the root hair formaiton of the rice seedling.
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Figure 4.31 The representative root hair profile when rice seeds were germinated in
water. wt, wild type Nipponbare, oe, transgenic rice of overexpression of
Oslbglu4 gene, RNALI, transgenic rice with Os1bglu4 gene knock down,

vetr, the transgenic rice transformed with pMDC83 empty vector.
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Figure 4.32 The relative Os1bglu4 expression in root. wt, wild type Nipponbare, oe,
transgenic rice of overexpression of Oslbglu4 gene, RNAI, transgenic
rice with Oslbglu4 gene knock down. vetr, the transgenic rice trans-
formed with pMDC83 empty vector. The wt root Oslbglud expression
was used as calibrator. Data are given as the mean+S.E. The experiment

was repeated in triplicate.
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Figure 4.33 The root hair profile when the seeds were germinated in 1/2 MS medium.

wt, wild type Nipponbare, oe, transgenic rice of overexpression of Os1-
bglud gene, RNAI, transgenic rice with Oslbglu4 gene knock down.

A, overall morphology of rice seedlings, B, images focus on the root hair.

To check whether this phenomenon was caused by the different
expression of Os1bglu4, the root of wild type Nipponbare was cut off, and sorted into
two groups, one with more root hair (Mrh), the other with less root hair (Lrh) (Figure

4.33 A). The Os1bglu4 expression was check by qRT-PCR. The result indicated that the
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Oslbglu4 expressed was about 2 fold more in the Mrh group than in the Lrh group

root (Figure 4.33 B). The result stongly suggested that Oslbglu4 is involved in the

formation of root hair.

Relative expression level
9]

Mrh

Figure 4.34 Two groups of root from wt Nipponbare and their Os1bglu4 expression,
Mrh group has more root hair, Lrh has less root hair. A, root morphology,
B, Oslbglu4 relative expression level in Mrh and Lrh groups. 14 day
seed- ling Os1bglu4 expression was used as caulibrator. Data are given as

the mean+S.E. The experiment was repeated in triplicate.

4.4.8.2 The overall development of rice was not obviously affected by
Os1bglu4 under normal growth condition
Under normal growth conditions, there was no appreciable phe-
notype of overall rice morphology observed at each developmental stage among the wt,
oe, vetr and RNAI lines (Figure 4.34), except for the root hair phenotype. The rice

heights from 6 day old seedlings to 110 day old mature plants were similar among the
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lines (Figure 4.35). The root lengthes from 6 day old seedlings to 90 day old mature
plants were similar among the lines (Figure 4.36).

The DEX was not added after the seedlings were transferred to
the soil pot except for one time when rice reached the booting stage. The effect of
Oslbglu4 gene to the development of panicle and seed formation was checked. The
result indicated that there was no significant difference in the development of panicle
and seed formation between all transgenic lines and wt (Figure 4.34 G). The DEX was
added only once at the booting stage, therefore, the RNAI line results may not be that
accurate as oe. But oe lines didn’t show any appreciable phenotype when compared
with the wt and vetr.

The above results suggested that although the Os1bglu4 involved
in the development of the rice, it plays a relatively minor role in the rice morphology
and the whole development of the rice.

The constitutive RNA1 vectors are recommended, especially
when the phenotype of the target gene is not fatal to the rice, which will facilitate the
comparison of the transgenic lines. In this research, the inducible RNA1 vector was not
suitable for this work. Both the solvent (ethanol) and DEX may affect the germination
and growth of the rice, however, it was lucky in this study, there was no significant
effect to the germination or growth to the rice seedlings. The inducer and solvent effect
on the growth or germination of rice seeds have to be taken into consideration. The
expense of the inducer was also a big problem. In this study, the addition of the DEX
stopped when the RNAI seedlings were transferred to the soil pot because of the huge
expense of DEX. The DEX has to be kept without light, but the rice growth needs light,
therefore, frequent addition of the DEX to the rice seedlings is required. By contrast,

these disadvantages can be avoided if constitutive promoter was used in this research.
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Figure 4.35 The morphology compared between lines with different Os1bglud ex-
pression. wt, wild type Nipponbare, oe, transgenic rice of over- expression
of Os1bglu4 gene, RNAI, transgenic rice with Os1bglu4 gene knock down.
vetr, the transgenic rice transformed with pMDC83 empty vector. A, 6
days after germination, B, 10 days after germination, C, 14 days after
germination, D, 25 days after germination in soil pot, E, 110 days after
germination in soil pot, F, the root morphology at booting stage, the small
embeded photoes showed the detail of root hair. G, the panicle mor-

phology at booting stage.
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Figure 4.36 The rice height at different time points. Data are given as the means
+S.E. The experiment was repeated 7 times. wt, wild type Nipponbare,
oe, transgenic rice of overexpression of Oslbglu4 gene, RNAI, trans-
genic rice with Oslbglu4 gene knock down. vetr, the transgenic rice

transformed with pMDC83 empty vector.
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Figure 4.37 The root length at different time points. Data are given as the means+S.E.
The experiment was repeated 7 times. wt, wild type Nipponbare,
oe, transgenic rice for overexpression of the Oslbglu4 gene, RNAI,
transgenic rice with the Os1bglu4 gene knock down. vetr, the transgenic

rice trasformed with pMDC83 empty vector.
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4.4.8.3 Oslbglud did not obviously affect the rice under abiotic stress

The phenotype under salinity and drought stress were investi-

gated, the results showed that there was no visible phenotype was observed (Figure
4.37) under both abiotic stress. All lines wilted after 3 days of stress, and the water loss
was checked (Figure 4.38), the result showed that about 30% of the water evaporated
after salinity stress, 42% of the water was lost after PEG stress, and there was no
significant difference of water loss between the lines under any stress. The total RNA
was extracted from the seedlings after checking the phenotype; the seedlings without
the treatment were used as the basal expression. Wt (0) (the RNA of the seedling before
the treatment) was used as calibrator. The results showed that under PEG and NaCl
stress conditions, the oe had the highest Os1bglu4 expression, the RNA1 had the lowest
expression, wt and vetr had moderate expression. The pattern was similar to the basal
expression (without stress treatment) of each line. The results suggested that, although
Oslbglu4 gene was expressed significantly higher in oe, and lower in RNAI, there was
no visible morphology or water loss difference. These results contradict with the result
of the transcription pattern (Figure 4.24). This may resulted from the long term stress (3
days), the mRNA level might have changed back to the basal expression level. The rice

seedlings have already adapted to the stress condition (Kawasaki et al. 2001).
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Figure 4.38 Growth performance and mRNA expression of rice seedlings under
PEG- and NaCl-stress conditions. wt(0), wild type Nipponbare before
treatment, wt, wild type Nipponbare, oe, transgenic rice with Osl1bglu4

gene overexpression, RNAI, transgenic rice with Os1bglu4 knock down,
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vetr, transgenic rice with pMDCS83. A1, growth performance of seedlings
without treatment, A2, relative Oslbglu4 expression without treatment.
B1, growth performance of seedlings under NaCl stress, B2, relative
Oslbglu4d expression under NaCl stress, C1, growth performance of
seedlings under PEG stress, C2, relative Os1bglu4 expression under PEG
stress. Data are given as the mean+S.E. The experiment was repeated in

triplicate.
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Figure 4.39 Water loss percentage after 3 days abiotic stress, wt, wild type Nipponbare,
oe, transgenic rice with Os1bglu4 gene overexpression, RNAI, transgenic
rice with Os1bglu4 knock down, vetr, transgenic rice with pMDC83. Data
are given as the mean+S.E. The experiment was repeated in triplicate.
PEG, 10% PEG 6000 treatment for 3 days, NaCl, 100 mM NaCl treatment

for 3 days.
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4.4.8.4 Oslbglu4d is involved in the rice blast resistance

Magnaporthe grisea is an airborne foliar fungus that causes blast
disease in rice. The fungus infects leaves during early growth stages of rice plant,
giving lesions followed by premature leaf senescence of infected tissue, especially in
case of heavy infections. After heading, the pathogen infects the panicles or the neck
node. Rice blast has been one of the most serious diseases of rice in rice-growing
countries, often significantly reducing rice yields (Ou 1985).

The EST data showed that Oslbglu4 was detected after blast
infection, the transcription pattern after blast infection showed that Os1bglu4 might be
involed in rice blast resistance. This information prompted us to test whether Os1bglu4
over-expression and knock down in rice would affect disease resistance or not. The
14 day seedlings were inoculated with rice blast fungus (Magnaporthe grisea), the
phenotype was checked 1 week later. The result showed that the size of the disease
lesions generated by the M. grisea were different among wt, oe, RNAi and vetr (Figure
4.39 A). The oe suffered the slightest disease lesions, the RNAIi line suffered most
severe disease lesions, the wt and vetr suffered the disease lesions more than the oe but
lower than the RNAI line. The Os1bglu4 expression was checked (Figure 4.39 B); the
result showed that oe had significantly higher expression. The RNAI lines treated with
30 uM DEX had significantly lower expression, which corresponded to the phenotype
of Os1bglu4.

The lesion numbers were found to be different between the lines.
The disease lesions were classified as big spot and small spot. They were counted to
determine the class of the lesion. The total spots numbers and the proportion of big
spots were checked in 3 rice seedlings for each group. The results showed that the oe

leaves have less spots than the wt and vetr leaves (Figure 4.40 A). The RNAI line
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seedling leaves had the highest number of spots, closed to 80, much more than the oe
leaves (15 spots). The wt and vetr had similar numbers of spots (43). In addition, the
proportion of big spots on the leaves was different (Figure 4.40 B), the RNAi had the
highest percentage of big spots (37.5%), the wt and vetr had about 28% big spots, by
contrast, and the oe had the lowest percentage of big spots (18%).

The above results, including transcription pattern, EST database
and phenotype analysis, strongly suggested that the Os1bglu4 gene is involved in rice
blast resistance, the overexpression of Oslbglu4 significantly decreased the disease
lesions caused by the blast infection, and the Os1bg/u4 knock-down resulted in more
severe disease lesions. The biochemistry data in this research also indicated that
Oslbglu4 maybe involve in the pathogen resistance, because the rOslbglu4 can
hydrolyze the salicin to salicylic alcohol, which is similar to salicylic acid (SA). SA is
involved in endogenous signaling, mediating plant defense against pathogens (Hayat
and Ahmad 2007). It plays a role in the resistance to pathogens by inducing the
production of pathogenesis-related proteins (Van Huijsduijnen et al. 1986). It is
involved in the systemic acquired resistance (SAR) in which a pathogenic attack on one
part of the plant induces resistance in other parts. The signal can also move to nearby
plants by salicylic acid being converted to the volatile ester, methyl salicylate (Taiz and
Zeiger 2002). This may explain some of the phenotype that oe has less and smaller
lesion spots, RNAi have more and bigger lesion spots.

At least 30 resistance loci have been identified in rice (Kinoshita
1995), many blast resistant gene have been identified, the Pib gene for rice blast
resistance belongs to the nucleotide binding and leucine-rich repeat class of plant
disease resistance genes (Wang et al. 2002). Three major genes for blast resistance (Pil,

Piz-5 and Pita) were fine-mapped on chromosomes 11, 6 and 12, respectively, and
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closely linked RFLP markers were also identified (Hittalmani et al. 2000). Recently,
Pi50 (t), a new member of the rice blast resistance Pi2/Pi9 multigene family was
identified (Zhu et al. 2012) A multiple gene complex on rice chromosome 4 was found
to be involved in durable resistance to rice blast (Fukuoka et al. 2012). Here, a rice
B-glucosidase Oslbglu4 was found actively involved in the blast resistance, but the

mechanism still needs to be clarified.

A S B Blast

Relative expression level

1 ' wt oe RNAI  wvetr

Figure 4.40 The symptom and Osl1bglu4 expression of leaves 6 days after the blast
infection. The scale bar is 10 mm. The black arrow indicated the big lesion
spots. The gray arrow showed the small spots. The spots were classified
according to the 1 mm diameter criteria. wt, wild type Nipponbare, oe,
transgenic rice of overexpression of Oslbglu4 gene, RNAI, transgenic
rice with Os1bglu4 gene knock down. vetr, the transgenic rice trasformed
with pMDCS83 empty vector. A, the symptom of leaves, B, the Os1bglu4
expression. Data are given as the mean+S.E. The experiment was repeated

in triplicate.
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Figure 4.41 The blast spots in the rice seedling leaves 1 week after blast infection.
wt, wild type Nipponbare, oe, transgenic rice of overexpression of Os1-
bglu4d gene, RNAI, transgenic rice with Os1bglu4 gene knock down. vetr,
the transgenic rice transformed with pMDC83 empty vector. A, the total
number of blast spots on 3 seedling leaves. B, the big spot percentage.
Data are given as the mean+S.E. The experiment was repeated in tri-

plicate.

4.5 Conclusion

The transcription pattern of Oslbglu4 was studied by qRT-PCR. The results
showed that the Os1bglu4 had higher expression at early stage after germination, and
expression decreased gradually to steady level. In 14 day rice seedlings root had the
highest Os1bglu4 expression, followed by the leaf and shoot. In contrast, Os1bglu4 has

the highest expression in panicle, followed by root, leaf and sheath, and no expression



173

was detected in rice seed at booting stage rice. The expression of Os1bglu4 was induced
under both the drought and salinity stresses. The Os1bglu4 expression pattern after rice
blast stress was investigated extensively, the results showed that the expression of
Oslbglu4 was induced to a high level in the blast resistant rice NIL, and only
moderately expressed in the blast susceptible rice NIL. The result suggested that the
Os1bglu4 may be involved in the drought, salinity and rice blast stress.

The coding sequence of Oslbglu4 gene was cloned into the pMDCS83 plant
expression vector under the control of constitutive 35S promoter. The DNA fragment of
3> UTR sequence of Os1bglu4 was amplified cloned into the RNA1 vector pOpOff2
which was drived by DEX-inducible pOp6 promoter. The pMDCS83 empty vector,
pMDC83-Os1bglu4 and pOpOff2-UTR were transformed into the rice cultivar Nip-
ponbare by Agrobacterium-mediated transformation, and the TO seeds were collected.
The segregation of T-DNA was analized in the T1 rice seedlings, the results showed
that T-DNA segregation conformed to Mendelian in the T1 plant.

The subcellular localization of Os1bglu4-GFP was determined by flurescence
microscope with the Os4BGlul8-GFP as control, the results indicated that the Os1-
bglu4-GFP is in the cytosol, corresponded with the bioinformatics prediction.

The activity of pOp6 promoter in the RNAI transgenic rice was assessed by
GUS staining, the result showed that 30 pM DEX is necessary for strong induction of
GUS activity, only moderate GUS activity was observed when 10 pM DEX was used,
and no GUS activtiy was detected without DEX induction. The high concentration of
DEX had no significant effect to the germination rate of rice seeds.

The phenotype analysis showed that the Oslbglu4 overexpression lines (oe)
have more root hair than that of the wild type, and Oslbglu4 gene knock down

lines (RNA1) had the least root hair, when germinated in the water. However, when
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germinated in the 1/2 MS medium, there was no significant difference in the root
hair amount was observed between the wt and oe, but RNAi have less root hair than
both wt and oe. Aside from the root hair in the seedling stages, there were no visible
difference in the overall morphologies among wt, oe, RNAi and the transgenic rice
which is transformed with the pMDCS83 plant expression empty vector (vetr). Under
drought and salinity stress, there were no visible phenotype observed in the wt, oe,
RNAI and vetr. Under rice blast stress, the oe showed higher resistance to the blast
stress, the wt and vetr had moderate resistace, the RNAIi suffered severe lesions from
the blast infection.

In general, the Oslbglu4 may be involved in blast resistance and root hair

formation.
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CHAPTER V

CONCLUSION

Sequence analysis of mature Os1BGlu4 showed that it contained 483 amino
acids, and suggested its subcellular localization in the cytoplasm. The recombinant
Thioredoxin-Histidine6-Os1BGlu4 (Trx-His6-rOs1BGlu4) fusion protein was func-
tionally expressed. The expression condition was optimized, without IPTG inducer,
16 hr incubation at 20 °C were the best condition to express the Trx-His6-rOs1BGlu4.
Biochemical analysis showed that the optimum pH for hydrolysis activity of rOsl-
BGlu4 is 6.5, the rOs1BGlu4 was stable over the pH range of 6.0 to 8.0 after 24 hr
incubation, and the optimum temperature is 45 °C. The rOs1BGlu4 was stable at 20 and
30 °C for 1 hr.

Kinetics analysis indicated that the rOs1BGlu4 efficiently hydrolyzed B-(1,3)-
linked oligosaccharides with degree of polymerization (DP) of 2-3, and B-(1,4)-linked
oligosaccharide with DP of 3-4. While cellopentaose and cellohexaose can be hydro-
lyzed but with lower efficiency, the laminari-oligosaccharides with DP more than 3
can not be hydrolyzed. The rOs1BGlu4 can hydrolyze pNPG efficiently. The pNP-
fucopyranoside was hydrolyzed with about 50% the hydrolysis efficiency of pNPG,
based on the kinetic parameters. Others pNP-derivatives can be hydrolyzed with low
efficiency. Thin Layer Chromotography (TLC) showed that the natural substrates,
salicin, esculin and pCAG can be hydrolyzed by rOs1BGlu4. The hydrolysis activity of

rOs1BGlu4 was strongly inhibited by HgCl,, delta-glucono-lactone and FeCl;. The
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pNP-cellobioside is sequentially hydrolyzed with initial hydrolysis between the two
glucosyl moieties. The transglycosylation study showed that at high concentrations of
PNPG, rOs1BGlu4 can transfer the glucosyl group of pNPG to ethanol and pNPG.

The temporal expression showed that the Os1bglu4 had the highest expression
level at the early stage of germination and expression decreased gradually to a steady
level at 6 days after germination. The spatial expression showed that the Os1bglu4 had
higher expression in 14 day seedling root, and low expression in shoot and leaf. In
booting stage rice, the panicle, leaf and root had higher expression than in stem and
sheath. The expression of Os1bglu4 was induced under PEG and NaCl stresses. The
expression of Oslbglu4 was induced to a high level after blast infection in blast
resistant rice cultivar, and only moderately expressed in the blast susceptible rice NIL.
These result suggested that the Os1bglu4 responded to the drought, salinity stress and
rice blast stress.

The Oslbglu4 gene overexpression and knock-down was achieved in trans-
genic plants. The segregation of T-DNA analysis showed that the T-DNA segregation
conformed to Mendelian genetics in the T1 plant. The subcellular localization of Os1-
bglu4-GFP was shown to be in the cytosol by fluorescence microscope, corresponding
to the bioinformatics prediction. The activity of pOp6 promoter in the RNAI transgenic
rice was assessed by GUS staining, the result showed that 30 uM DEX is necessary
for strong induction of GUS activity, 30 uM DEX had no significant effect to the
germination rate of transgenic and wildtype rice seeds.

The phenotype analysis showed that the Os1bglu4 overexpression lines (oe)
had more root hair than that of the wild type, and Os1bglu4 gene knock down lines
(RNAI1) had lower number of root hair, when germinated in water. However, when

germinated in 1/2 MS medium, there were no significant difference in the root hair



185

number between the wt and oe, but the RNAI line had less root hair than both wt and
oe. Aside from the root hair in the seedling stages, there were no visible difference
in the overall morphologies among wt, oe, RNAi and the transgenic rice which was
transformed with the empty pMDCS83 plant expression vector (vetr). Under drought
and salinity stress, there were no visible different phenotypes observed in the wt, oe,
RNAI1 and vetr lines. Under rice blast stress, the oe showed higher resistance to the
blast stress, the wt and vetr lines had moderate resistace, the RNAi lines suffered
severe lesions from the blast infection.

In general, these results suggest that Os1bglu4 may be involed in the blast

resistance and root hair formation.
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APPENDIX A

EXPERIMENTAL STANDARD DATA

Table 6.1 BSA standard reaction setup.

BSA (ng) Water (nL) (0.1 mg/ml) BSA (nL) Bradford Solution (nL)

0 800 0 200
2 780 20 200
4 760 40 200
6 740 60 200
8 720 80 200
10 700 100 200
12 680 120 200
BSA standard
0.6 -
0.5 |
E 0-4 7 y = 0.0499x
E 03 | RZ = 0.9993
(=]
o g2 |
0.1 |
0 :
0 5 10 15

BSA concentration (mg/mL)

Figure 6.1 Profile of BSA standard. The equation is y = 0.049x, and the R* = 0.999.
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Table 6.2 Glucose standard setup.

Glucose (pmole) 1mM Glucose (pL) Phosphate buffer (pL)
0 0 50
0.0025 25 47.5
0.005 5 45
0.01 10 40
0.015 15 35
0.02 20 30
0.025 25 25
0.03 30 20

Glucose standard

48]
n
]

w

2.5

0D405nm

0 0.01 0. 02 0. 03 0.04

Glucose (pmole)

Figure 6.2 Profile of glucose standard. The equation is y = 101.3x, and the R* = 1.
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Table 6.3 pNP standard setup.

PNP  (pmole) 1mM pNP (pL) Phosphate buffer (pL)
0 0 100
0.0025 2.5 97.5
0.005 5 95
0.01 10 90
0.015 15 85
0.02 20 80
0.025 25 75
0.03 30 70

pNP standard
16 -

= 49.40x
1.4 Y R2 = 1 /
1.2 /
1 A /

08

0.6 -

0D 405 nm

0.4 -
0.2 A

0 1 1 1 1 1 1 ]
0 0.0050.010.0150.02 0.0250.03 0.035

pNP (4 mole)

Figure 6.3 Profile of pNP standard. The equation is y= 49.4x, and the R> = 1. The
reaction was set according to the amount of pNP, which change from 0.005
umole to 0.03 pmole. The pNP and sodium phosphate buffer was incubated
for 10min at 37 °C, and 70 uL of 0.4M Na,CO; was added to stop the

reaction, the OD405 was measured.



190

0D 405nm

=

i\.)

o
to

N

[

o

¥

Q

Ecriilatim charmealwraal
L LIt Liil DL ILEcES LS

= AT 23

¥ — &/ .03K

2 . -
RZ=1 P
e
o
-
P
-
~
-
-
o
>
-
-
-
e
o
=
=
P
e
-

_
<
=

©
(@]
v

Figure 6.4 Profile of esculetin standard. The equation is y = 47.83x, and the R? = 1.



APPENDIX B

MEDIA AND REAGENTS

1. NMB medium (pH 5.8)

mg/L
KNOs3 2830
(NH4)2SO4 463
KH,PO4 400
MgS04-7 HO 185
CaCl,-2H,0 166
MnSO4-4H,0 223
ZnS04 7H,0O 8.6
H3;BO; 6.2
KI 0.83
Na,MoO4-2H,0 0.25
CuSO4-5H,0 0.025
CoCl,-6H,O 0.025
Na, EDTA 37.25
FeSO4-7H,O 27.85
Nicotinic Acid 1
Pyridoxine-HCI 1

Thiamine-HCl 10
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2. AAM medium (pH 5.2)

mg/L
KH,PO,4 170
MgS0O4-7H,0 370
KCl 2940
CaCl,-2H,0 440
MnSO4-H,O 7.58
Na;Mo0O4-H,O 0.25
H;BO4 3
ZnS04 7H,0 2
KI 0.75
CuSO4-5H,0 0.0387
CoCl2-6H,O 0.025
FeSO4-7H,O 27.8
Na, EDTA 37.3
Inositol 100
Thiamine-HCI 0.5
Pyridoxine-HCI 0.5
Nictinic Acid 0.5
Glycin 7.5
Arginine 174
Glutamine 876
Casamino acids 500
Acetosyringone 100 p mole/L
Glucose 68500

Sucrose 30000



Table 6.4 Components of SDS-polyacrylamide gel.
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12% Separating gel

5% Stacking gel

Components

(mL) (mL)
Deionized water 33 2.77
1.5 M Tris (pH 8.8) 2.5 -
0.5 M Tris (pH 6.8) - 1.26
10% (w/v) SDS 0.1 0.05
30% acrylamide solution 4 0.83
10% (w/v) ammonium persulfate 0.1 0.05
TEMED 0.005 0.005
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