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IMPROVED CROP STRESS TOLERANCE, YIELD AND QUALITY VIA
GLUTAREDOXIN OVEREXPRESSION

RELATED APPLICATION
[001] This application claims priority to U. S. Serial No.61/090,643 filed August 21, 2008,

which is incorporated herein in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED DEVELOPMENT
[002] Development for this invention was supported in part by Contract No. 2005-
34135-15898, awarded by the United States Department of Agriculture (USDA-T-STAR
Program). Accordingly, the United States Government may have certain rights in this

invention.

FIELD OF THE INVENTION
[003] The present invention provides methods and compositions for increasing the
tolerance of a plant to biotic and abiotic stresses (i.e. high temperature stress and drought)

and for reducing oxidative damage to proteins of the plant.

BACKGROUND OF THE INVENTION
[004] High temperature stress is a major limiting factor for plant growth and crop
productivity. Models suggest that global warming has substantial negative effects on the
world production of major grains wheat, maize and barley, as well as important dicot plants
(Lobell and Field, 2007). Between 1970 and 2007, 78 weather-related disasters with damages
equal to or exceeding $1 billion were recorded in the U.S. alone. Among these, at least 12
events were due to drought and heat waves, totaling $106 billion in estimated damage, with
significant  losses to  agriculture (Ross and Lott, 2003 and source:

http:/Iwf.ncde.noaa.gov/oa/reports/billionz.html). Despite the great economic importance of

drought and high temperature stress to agriculture, little progress has been made in breeding
stress-tolerant cultivars, partly due to the complex nature of these stresses and plant
adaptations to such stresses. A major component of heat stress has been recognized to be
oxidative stress (Vacca et al. 2004).

[005] Several members of the plant protein networks in heat stress response,

including heat shock proteins (HSPs), heat stress transcription factors (HSFs) and antioxidant
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enzymes, have been studied using mutants, transgenic lines and transcriptome analyses
(Koskull-Doring et al. 2007; Kotak et al. 2007, Mittler, 2005). However, enzymes protecting
specific target proteins from oxidative damage have not been investigated for their possible

role in stress tolerance.

BRIEF DESCRIPTION OF THE DRAWINGS
[006] The invention is explained in the following description in view of the drawings that

show:

[007] FIG 1 shows (A) Pv5-6 cDNA sequence and (B) the deduced amino acid sequence of
PvGRXS.

[008] FIG 2 shows evidence for the presence of the transgene and its expression in
Arabidopsis thaliana transgenic lines. (A) PvGrx5 transcript levels were measured by
quantitative RT-PCR. Inset: PCR amplification of PvGrxS using genomic DNA as a template
from the SG2 lines and wild-type (WT). (B) Extractable gluaredoxin specific activities from
leaves of SG2 lines and vector control (R5) and wild-type (WT) lines grown under control
(no-stress) conditions. Bars representing means and standard errors, marked with the same
letter are not significantly different using Duncan’s multiple range test (P<0.05). Inset:
Immunoblot showing a protein band at 20 kDa for wild-type control (WT) and SG2 lines (7 ,
1 and B).

[009] FIG. 3 shows that Arabidopsis thaliana transgenic lines expressing PvGrx5 are more
tolerant to heat stress during seed germination. Percent germination of wild-type (WT),
vector control (R5) and PvGRXS-expressing lines (SG2-B, SG2-7 and SG2-1) following
control (24°C and 32°C) or heat stress (45°C) treatments. Bars represent means and standard
errors (n=3 batches. 50 seeds per batch for each genotype) and those noted with same letters

are not significantly different at P<0.05 by Duncan’s multiple range test.

[0010] FIG. 4 shows that Arabidopsis thaliana transgenic lines expressing PvGrx5 are more
tolerant to heat stress. (A) Phenotype of one-month old vector control (R5) and PvGRXS5-
expressing lines (SG2-1 and SG2-7) following control (24°C) or photographed immediately
after continuous heat stress (36°C) for three days. (B) Above-ground biomass of wild-type
(WT), vector control (R5), and PvGRX5-expressing lines (SG2-B, SG2-7 and SG2-1)
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following three days of control (24°C) (open bars) or heat stress (36°C) (closed bars). Bars
represent means and standard errors (n=10) and those noted with same letters are not

significantly different at P<0.05 by Duncan’s multiple range test.

[0011] FIG.5 shows that leaf glutaredoxin specific activities are positively correlated to plant
growth under stress. Leaf glutaredoxin specific activities under stress are positively
correlated to plant growth under stress. (A) Leaf glutaredoxins specific activities in wild-
type (WT), vector-control (RS5) and PvGRXS5-expressing Arabidopsis thaliana transgenic
lines (SG2B, SG2-7 and SG2-1). Bars represent means and standard errors (n=10) and those
noted with same letters are not significantly different at P<0.05 by Duncan’s multiple range
test. (B) Relationship between leaf glutaredoxin specific activities and growth under heat
stress. One outlier, (data for the wild-type) not included in the regression is shown with a

closed circle.

[0012] FIG. 6 shows PvGrx5-expressing Arabidopsis thaliana lines were less affected by
heat stress relative to control plants. (A) Injury index calculated from ion leakage from leaf
tissue. Bars represent means and standard errors (n=7) and those noted with same letters are
not significantly different at P<0.05 by Duncan’s multiple range test. (B) Thiobarbituric acid
reactive substances (TBARS) in leaves under control (open bars) and heat stress (closed bars)
conditions. (C) Carbonyl content of leaf proteins under control (open bars) and heat stress
(closed bars) conditions. Wild-type is WT, Vector control is RS, and PvGRXS5-expressing
lines are SG2-B, SG2-7 and SG2-1. Bars represent means and standard errors (n=35) and
those noted with same letters are not significantly different at P<0.05 by Duncan’s multiple

range test.

[0013] FIG. 7 shows PvGrx5-expressing Arabidopsis thaliana lines were less affected for
oxidative damage to proteins. Immunoblot analysis for carbonylated proteins. (A)
Immunoblot of total leaf proteins from heat-stressed plants, probed with anti-DNP antibodies.
Protein bands differentially stained between the control (WT and R5) and SG2 lines (1 and 7
for SG2-1 and SG2-7) are shown with arrows a, b, ¢, d, e and f. Protein molecular weight
standards are shown in lane M. (B) SDS-PAGE Gel stained with Coomasie Blue to show
equal loading of the lanes. The position of the band corresponding to RUBISCO large subunit
is shown with an arrow. WT is wild-type, RS vector control and 1 and 7 are SG2-1 and SG2-

7 lines respectively.
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[0014] FIG. 8. PvGrx5-expressing transgenic lines are more tolerant to drought stress than
wild-type and vector control line. (A) Morphology of vector control and SG2-7 and SG2-1
PvGrx-5 lines immediately photographed after 10 days of drought imposed by stopping
irrigation. (B) Above ground biomass per plant following 10 d of drought and (C)
Photosynthetic efficiency based on PSII chlorophyll fluorescence measurements for PvGrx-5

expressing lines SG2-7 and SG2-1 compared to vector control.

DETAILED DESCRIPTION OF THE INVENTION
[0015] Oxygenic photosynthesis is the major site of production of reactive oxygen
species (ROS). Under high temperature stress, increased ROS damage the photosynthetic
machinery, membranes and proteins (Sharkey, 2005). This, in turn, leads to stunted growth
of the plants, lower crop yield, lower biomass, and even death of the plant. The present
inventors have surprisingly found that plants, i.e. Arabidopsis thaliana transgenic lines,
expressing PvGrx5, a glutaredoxin of fern Prerris vittata, are more tolerant to stress,
including heat stress and drought, as well as show reduced damage due to oxidative stress.
Accordingly, the present invention provides methods for increasing biotic and abiotic stress
tolerance of plants and for reducing oxidative damage by expressing PvGrx5S in plants or

plant cells.

[0016] Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art of molecular
biology. Pv5-6 represents the ¢cDNA isolated from Pteris vittata, PvGRXS refers to the
encoded protein and the abbreviation Grx is for glutaredoxin. Homozygous transgenic lines
expressing vector control are referred as R5 lines, those expressing PvGRXS as SG2 lines
and wild-type as WT throughout this document. Although methods and materials similar or
equivalent to those described herein can be used in the practice or testing of the present
invention, suitable methods and materials are described herein. All publications, patent
applications, patents, and other references mentioned herein are incorporated by reference in
their entirety. In case of conflict, the present specification, including definitions, will control.
In addition, the materials, methods, and examples are illustrative only and are not intended to

be limiting.
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[0017] Reference is made to standard textbooks of molecular biology that contain
definitions and methods and means for carrying out basic techniques, encompassed by the
present invention. See, for example, Maniatis et al., Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laborato_ry Press, New York (1982) and Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory Press, New York
(1989); Methods in Plant Molecular Biology, Maliga et al, Eds., Cold Spring Harbor
Laboratory Press, New York (1995); Arabidopsis, Meyerowitz et al, Eds., Cold Spring

Harbor Laboratory Press, New York (1994) and the various references cited therein.

[0018] The term "plant" includes whole plants, plant organs (e.g., leaves, stems, roots,
etc.), seeds and plant cells and progeny of same. The class of plants which can be used in the
methods of the invention is generally as broad as the class of higher plants amenable to

transformation techniques, including both monocotyledonous and dicotyledonous plants.

[0019] As used herein, the term "enhancement" means increasing the intracellular
activity of one or more enzymes in a plant cell and/or plant which are encoded by the
corresponding DNA. Enhancement can be achieved with the aid of various manipulations of
the plant cell. In order to achieve enhancement, particularly over-expression, the number of
copies of the corresponding gene can be increased, a strong promoter can be used, or the
promoter- and regulation region or the ribosome binding site which is situated upstream of
the structural gene can be mutated. Expression cassettes, which are incorporated upstream of
the structural gene, act in the same manner. In addition, it is possible to increase expression
by employing inducible promoters. A gene can also be used which encodes a corresponding
enzyme with a high activity. Expression can also be improved by measures for extending the
life of the mRNA. Furthermore, enzyme activity as a whole is increased by preventing the
degradation of the enzyme. Moreover, these measures can optionally be combined in any
desired manner. These and other methods for altering gene activity in a plant are known as
described, for example, in Methods in Plant Molecular Biology, Maliga et al, Eds., Cold
Spring Harbor Laboratory Press, New York (1995).

[0020] It should be noted that the present invention also encompasses the utilization of
nucleotide sequences (and the corresponding encoded proteins) having sequences comprising
or complementary to at least about 80%, preferably at least about 85%, more preferably at

least about 90%, and most preferably at least about 95% of the nucleotides in sequence (i.e.,
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having sequence identity to) SEQ ID NO:1 (i.e., the nucleotide sequence of PvGrxS5). (All
integers between 80% and 100% are also considered to be within the scope of the present

invention with respect to percent identity.)

[0021] Furthermore, the present invention also encompasses use of fragments and derivatives
of the nucleotide sequence of SEQ ID NO:1 (Figure 1), as well as of the sequences from
other sources, and having the above-described complementarity or correspondence.
Functional equivalents of the above-sequences (i.¢., sequences having glutaredoxin activity)

are also encompassed by the present invention.

[0022] The invention also includes a purified polypeptide which has glutaredoxin activity
and has at least about 80% amino acid similarity or identity, preferably at least about 85%
similarity or identity, more preferably at least about 90% similarity or identity, and most
preferably at least about 95% similarity or identity to the amino acid sequence (i.e., SEQ ID
NO:2,see Figure 1)] of the above-noted proteins which are, in turn, encoded by the above-
described nucleotide sequences. All integers between 80-100% similarity or identity are also

included within the scope of the invention.

[0023] The term "identity" refers to the relatedness of two sequences on a nucleotide-by-
nucleotide basis over a particular comparison window or segment. Thus, identity is defined as
the degree of sameness, correspondence or equivalence between the same strands (either
sense or antisense) of two DNA segments. "Percentage of sequence identity" is calculated by
comparing two optimally aligned sequences over a particular region, determining the number
of positions at which the identical base occurs in both sequence in order to yield the number
of matched positions, dividing the number of such positions by the total number of positions
in the segment being compared and multiplying the result by 100. Optimal alignment of
sequences may be conducted by the algorithm of Smith & Waterman, Appl. Math. 2:482
(1981), by the algorithm of Needleman & Wunsch, J. Mol. Biol. 48:443 (1970), by the
method of Pearson & Lipman, Proc. Natl. Acad. Sci. (USA) 85:2444 (1988) and by computer
programs which implement the relevant algofithms (e.g., Clustal Macaw Pileup
(http://cmgm.stanford.edu/biochem?218/1 1Multiple.pdf; Higgins et al., CABIOS. 5L151-153
(1989)), FASTDB (Intelligenetics), BLAST (National Center for Biomedical Information;
Altschul et al., Nucleic Acids Research 25:3389-3402 (1997)), PILEUP (Genetics Computer
Group, Madison, Wis.) or GAP, BESTFIT, FASTA and TFASTA (Wisconsin Genetics
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Software Package Release 7.0, Genetics Computer Group, Madison, Wis.). (See U.S. Pat. No.
5,912,120.)

[0024] For purposes of the present invention, "complementarity" is defined as the degree of
relatedness between two DNA segments. It is determined by measuring the ability of the
sense strand of one DNA segment to hybridize with the antisense strand of the other DNA
segment, under appropriate conditions, to form a double helix. In the double helix, adenine
appears in one strand, thymine appears in the other strand. Similarly, wherever guanine is
found in one strand, cytosine is found in the other. The greater the relatedness between the
nucleotide sequences of two DNA segments, the greater the ability to form hybrid duplexes
between the strands of the two DNA segments.

[0025] “Similarity" between two amino acid sequences is defined as the presence of a series
of identical as well as conserved amino acid residues in both sequences. The higher the
degree of similarity between two amino acid sequences, the higher the correspondence,
sameness or equivalence of the two sequences. ("Identity" between two amino acid sequences
is defined as the presence of a series of exactly alike or invariant amino acid residues in both

sequences.)

[0026] The definitions of "complementarity", "identity" and "similarity" are well known to

those of ordinary skill in the art.

[0027] Encoded by" refers to a nucleic acid sequence which codes for a polypeptide
sequence, wherein the polypeptide sequence or a portion thereof contains an amino acid
sequence of at least 3 amino acid residues, more preferably at least 8 amino acid residues,
and even more preferably at least 15 amino acid residues from a polypeptide encoded by the

nucleic acid sequence.

[0028] The present invention also encompasses an isolated nucleotide sequence which
encodes PvGRXS activity and that is hybridizable, under moderately stringent conditions, to
a nucleic acid having a nucleotide sequence comprising or complementary to the nucleotide
sequence comprising SEQ ID NO:1 (shown in FIG. 1). A nucleic acid molecule is
"hybridizable" to another nucleic acid molecule when a single-stranded form of the nucleic
acid molecule can anneal to the other nucleic acid molecule under the appropriate conditions

of temperature and ionic strength (see Sambrook et al., Molecular Cloning: A Laboratory
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Manual, Second Edition (1989), Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
N.Y.)). The conditions of temperature and ionic strength determine the "stringency" of the
hybridization. "Hybridization" requires that two nucleic acids contain complementary
sequences. However, depending on the stringency of the hybridization, mismatches between
bases may occur. The appropriate stringency for hybridizing nucleic acids depends on the
length of the nucleic acids and the degree of complementation. Such variables are well
known in the art. More specifically, the greater the degree of similarity or homology between
two nucleotide sequences, the greater the value of Tm for hybrids of nucleic acids having
those sequences. For hybrids of greater than 100 nucleotides 100 bp in length, equations for
calculating Tm have been derived (see Sambrook et al., supra). For hybridization with shorter
nucleic acids, the position of mismatches becomes more important, and the length of the

oligonucleotide determines its specificity (see Sambrook et al., supra).

10029] The term “isolated” means separated from its natural environment.

Methods, vectors, and compositions for transforming plants and plant cells in accordance
with the invention are well-known to those skilled in the art, and are not particularly limited.
For a descriptive example see Karimi et al., TRENDS in Plant Science, Vol. 7, No. 5, May
2002, pp. 193-195, incorporated herein by reference.

[0030] Glutaredoxins are heat-stable oxidoreductases that catalyze glutathione-
dependent reactions to protect specific cellular proteins from damage by reactive oxygen
species. Specifically, glutaredoxins are known to reduce disulfide bridges between proteins
or reduce protein-glutathione adducts (Rouhier et al. 2008).

Glutaredoxins act by interacting with specific target proteins, altering their redox states and
function. While microbes have few glutaredoxins, plants contain many glutaredoxins, with
Arabidoj)sis thaliana having 31 and Oryza sativa. One glutaredoxin may be interacting with
several target proteins and hence may influence activities of several enzymes (Rouhier et al.
2005; Li et al. 2007). The present inventors have surprisingly found that constitutive
overexpression of a particular glutaredoxin, PvGRXS, from the fern Prerris vittata
significantly increased the stress tolerance in homozygous lines of Arabidopsis thaliana and

reduced oxidative damage to proteins of the plant.

[0031] The cDNA encoding PvGrx5 was characterized and isolated in Sundaram S,

Rathinasabapathi B, Ma L, Rosen B, An Arsenate-activated Glutaredoxin from the Arsenic
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Hyperaccumulator Fern Prerris vitatta L. Regulates Intracellular Arsenite, J. of Biol. Chem.
281:10, 2008, 6095-6101 (Sundaram 2008), the entirety of which is incorporated by
reference. Furthermore, PvGrx5 is shown as being a 184-residue polypeptide with a

sequence (SEQ ID NO. 1) as set forth in Figure 3 of Sundaram 2008.

[0032] In accordance with one aspect of the present invention, there is provided a
method for increasing stress resistance in a plant by reducing protein carbonylationoxidative

damage to plant proteins.

[0033] In accordance with one aspect of the present invention, there is provided a
method for increasing the stress tolerance of plant cells comprising expressing PvGrx5 in the

plant cells.

[0034] In accordance with yet another aspect of the present invention, there is a
provided a method for increasing the tolerance of a plant to high temperature stress and
drought, and for reducing oxidative damage to plants proteins of the plant, comprising
introducing a nucleic acid that encodes for PvGrx5 into a plant cell of the plant and

transforming the plant cell with the nucleic acid that encodes for PvGrxS.

[0035] In accordance with yet another aspect of the present invention, there is
provided a method for producing PvGrxS comprising: culturing host cells, wherein the cells
have been transformed with a nucleic acid encoding PvGrx5 under conditions where the

PvGrx5 is expressed, and isolating the PvGrxS5.

[0036] In accordance with yet another aspect of the present invention, there is
provided a particular method for increasing the biomass yield in plants comprising expressing

PvGrxS5 in the plants.

[0037] In accordance with yet another aspect of the present invention, there is
provided an isolated and purified PvGrx3 product having the amino acid sequence of SEQ ID

NO: 1 (Figure 1).

[0038] In accordance with yet another aspect of the present invention, there is

provided a method of producing the PvGrx5 described above, comprising culturing host cells
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that have been transformed with a nucleic acid encoding the PvGrx5 under conditions in

which the PvGrxS is expressed, and isolating the PvGrxS5.

[0039] In an embodiment, in any of the above methods, the plant or plant cells
comprise Arabidopsis thaliana or plant cells of Arabidopsis thaliana that constitutively

express PvGrxS.

[0040] In an embodiment, PvGrx5 could be overexpressed in a particular organelle
(for example in the plastids) to realize increased functional protein, stress tolerance or yield.
Methods to overexpress cDNAs or genes via organellar transformation are available in prior

art.

[0041] In addition, in any embodiment of any of the above-described methods, the
plant or plant cells have increased resistance to high temperature stress and drought. In this
way, the present invention thus provides crop varieties that perform better under adverse
conditions. For example, cultivars with improved drought and heat tolerance will contribute
to sustainability by decreasing the demand on irrigation, for example. In addition, the above-
described methods may also increase the biomass or size of a plant. Further, by increasing
plant leaf biomass may increase the yield of leafy vegetables for human or animal
consumption. Additionally, increasing leaf biomass can be used to increase production of
plant-derived pharmaceutical or industrial products. Further, by increasing plant biomass,

increased production levels of the products may be obtained from the plants.

10042] Furthermore, the increased biomass may increase crop yields of plants by
increasing total plant photosynthesis. An increase in total plant photosynthesis is typically
achieved by increasing leaf area of the plant. Additional photosynthetic capacity may be
used to increase the yield derived from particular plant tissue, including the leaves, roots,
fruits or seed. In addition, the ability to modify the biomass of the leaves may be useful for
permitting the growth of a plant under decreased light intensity or under high light intensity.
Modification of the biomass of another tissue, such as roots, may be useful to improve a
plant's ability to grow under harsh environmental conditions, including drought or nutrient
deprivation, because the roots may grow deeper into the ground. Increased biomass can also
be a consequence of some strategies for increased tolerance to stresses, such as drought

stress. Early in a stress response, plant growth (e.g., expansion of lateral organs, increase in
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stem girth, etc.) can be slowed to enable the plant to activate adaptive responses. Growth rate
that is less sensitive to stress-induced control can result in enhanced plant size, particularly
later in development. See U.S. Patent Publication No. 2004/0128712 which is incorporated
herein by reference.

[0043] The following examples set forth an exemplary embodiment of the present invention,
wherein a ¢cDNA for the glutaredoxin PvGrx35 is introduced into homozygous lines of the
Arabidopsis thaliana plant shows substantially increased resistance to high temperature stress
and drought, along with increased resistance to oxidative damage to proteins of the cell.
However, one skilled in the art would understand that the illustration of the invention in
Arabidopsis thaliana is merely exemplary, and is not intended to be limiting to such plants.
As set forth below and in the figures, the inventors have found that the transgenic expression
of fern Pteris vittata glutaredoxin (PvGrx5) in homozygous lines of the Arabidopsis thaliana
plant significantly increases the plant’s tolerance to stress and reduces oxidative damage to
the plant’s proteins. In particular, plants, i.e. Arabidopsis thaliana, transgencially expressing
PvGrxS5 are less affected by high temperature stress, for example, as judged by germination
during heat stress (Fig 3), growth under heat stress (Fig 4A and 4B and Fig 5), ion leakage
(Fig 6A), protein carbonyl content (Fig 6C) and TBARS concentration (Fig 6B) following
heat stress, consistent with a role for PvGrx5 in protecting photosynthesis, membrane
integrity and proteins against damage by ROS.

[0044] Further, based on the below examples, it is believed that PvGrx5 interacts with one or
more proteins sensitive to oxidative damage to prevent oxidative damage to the proteins.
Johansson et al. (2004) identified HSP70, OEC33, Rubisco large subunit, Rubisco-activase,
and chlorophyll a/b binding protein, for example, to be most sensitive to oxidation in
Arabidopsis thaliana. Among these, HSP70, which is under redox-dependent regulation by
thioredoxin (Vignols et al., 2003), and Rubisco-activase have been demonstrated to play
major roles in heat stress tolerance (Lee and Vierling, 2000; Kurek et al. 2007; Salvucci,
2008). Immunoblot analyses showed that specific proteins in SG2 lines of Arabidopsis
thaliana are protected from carbonylation during heat stress (Fig 7). ‘The protein bands
positioned at 149, 100, 70, 60, 49 and 23 kDa showed significant differences in the extent of
carbonylation between the SG2 lines analyzed and the wild-type and vector control (Fig. 6A
and 6B). A quantitative analysis of protein bands for carbonylation in wild-type and SG2 line
indicated that protein bands at or around 149 kDa and 100 kDa were most completely
protected by PvGRXS overexpression (a reduction of 57 + 4 %, n=3) while partial protection
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was observed for proteins at or around 70, 60, 49 and 23 kDa with reductions in

carbonylation estimated at 44,25, 20 and 23%.

[0045] Thus, it is believed that PvGrx5 interacts with HSP70, OEC33, Rubisco large
subunit, Rubisco-activase, and chlorophyll a/b binding protein, and possibly other proteins to

protect the proteins from irreversible oxidative damage directly or indirectly by PvGrx3.

EXAMPLE 1

Plant Material

Construction of expression vector and Agrobacterium-mediated transformation.

[0046] The construction of expression vector and Agrobacterium-mediated
transformation were done as described previously (Sundaram et al., 2009). Briefly, the open
reading frame (726bp) of the Pv5-6 cDNA clone (Genbank accession number EF052272) was
amplified and the PCR product, cloned in pCR 2.-1-TOPO vector. TOPO-PvGrx5 was
digested with Sacl and cloned in Sacl-linearized plant expression vector pMON-R5 (Fouad
and Rathinasabapathi, 2006) to derive pMON-R5-SG2. pMON-RS vector allows constitutive
expression of cDNAs under the control of a modified Fig Mosaic Virus promoter and
contains a kanamycin resistance marker (Fouad and Rathinasabapathi, 2006). The pMON-
R5-SG2 and pMON-RS5 were transferred into Agrobacterium tumefaciens ABI strain via
triparental mating (An et al., 1988). Plants were inoculated with 4. tumefaciens strain (ABI)
carrying pMON-R5-SG2 or pMON-RS5 by the floral dip method (Clough and Bent, 1998).
Presence of the transgene in primary transgenics was verified using a PCR procedure on
isolated genomic DNA as a template with PvGrx5 gene specific primers. The positive plants
were grown in controlled environments and the seeds were collected from individual plants.
From the T2 seeds, segregating for the transgene 3:1, several plants were selfed and their
progeny analyzed for homozygozity. Homozygous T3 lines identified from these analyses
were used for evaluations of transgene expression (Sundaram et al., 2009) and heat stress

tolerance.

EXAMPLE 2

Phenotypic Characterization for Heat Tolerance

[0047] To evaluate heat tolerance during germination, seed germination assay was
performed according to Hong and Vierling (2000). Surface-sterilized seeds were treated at

24°C and 45°C for 60 min and plated on 0.5 x MS medium containing 0.5% (w/v) sucrose,
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and kept at 4°C for a minimum of 48 hours and then moved to 24°C for three days.

Germinated seeds were counted to calculate percent germination.

[0048] To evaluate whole plant tolerance to heat stress, plants were grown
individually in 3-inch plastic containers, using a commercial propagation medium (Mix
number 2, Fafard Inc., Agawam, MA) (a peat moss, perlite, and vermiculite mixture). The
plants were grown under 16-h-light photoperiod of 150 umol sec(”-1)m("2) supplied by cool
white fluorescent lights at 24°C constant temperature. A heat tolerance assay was performed
by incubating one month old seedlings continuously at 36°C (without changing light intensity
and maintaining relative humidity between 60 and 70%) for 3 days (heat stress), followed by
10 days recovery by keeping the heat-stressed plants at 24°C. Fresh and dry weights of
above-ground biomass was recorded either at the end of the stress period or the recovery

period.

[0049] Under normal growth conditions, PvGrx5-expressing lines and vector control
lines were comparable in growth (Fig. 1A and Fig 1B). Development and seed set were
normal except that the SG2 lines bolted 2-3 days earlier than the wild-type or vector control
(data not shown). To evaluate high temperature stress tolerance, one month old plants
initially grown at 25°C were incubated in an environmental growth chamber set at 36°C and
60-70 % relative humidity for three days. To evaluate recovery from heat stress, one set of
plants were moved to 24°C for 10 days immediately after the heat stress treatment. Above
ground biomass data showed that under stress, SG2 lines grew significantly (P<0.05) better
than the vector control line (Fig 1B). Whereas the vector control line was inhibited by the
heat stress, the SG2 lines were not significantly inhibited (Fig 1B).

EXAMPLE 3

Ion Leakage Test

[0050] To measure the ion leakage caused by high temperature stress, the leaves were
removed from the plants, weighed, rinsed briefly with deionized water, and immediately
immersed in a vial with 10-mL of deionizéd water. Samples were kept in an incubator shaker
for 1 hour at 25°C, and ion leakage into the water was measured using a conductance bridge
(Model 31A, YSI Inc., Yellow Springs, OH, USA). Samples were then autoclaved for 5 min,
and then kept in the shaker for 1 hour at 25°C and conductivity was measured again. With

the two measurements, percent injury index was determined using the equation 1-[(1-T1/T2
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)(1-C1/C2 )] x 100 %, wherein T1 and T2 represent conductivity values for heat-stressed
plants before and after autoclaving, and wherein C1 and C2 represent conductivity values for
control plants before and after autoclaving (Kocheva et al. 2004). Ion leakage measurements
on leaves from heat-stressed plants showed that SG2 lines exhibited significantly (P<0.05)

less ion leakage than the vector control line (Fig 6).

EXAMPLE 4

Chlorophyll Fluorescence Measurement

[0051] PSII photosynthesis efficiency was measured by recording the chlorophyll
fluorescence parameter Fv/Fm with the Plant Efficiency Analyzer (Hansatech Instrument,
King,s Lynn, UK). Leaves were dark adapted for 10 min, and then measurements were taken
over a 5 second interval after exposure at the 100% illumination level by high-intensity light
emitting diodes. Seven replicates from different plants were averaged for each data point.
Chlorophyll fluorescence measurements (Fv/Fm) were comparable at 0.84 + 0.2 among the
lines under no stress, control conditions (Fig 4A). Under heat stress, all the lines showed a
slight decrease (about 10%), but the vector control line was significantly more affected than

the SG2 lines (Fig 8).

EXAMPLE 5

Glutaredoxin Assay

[0052] Glutaredoxin activity in leaf protein extracts was determined with a coupled
enzyme reaction as described previously (Sundaram et al. 2008a) using 2-hydroxyethyl
disulfide (HED) as the substrate. In heat-stressed plants, glutaredoxin specific activities
in leaf protein extracts were significantly greater than the vector control line and wild-type
(Fig 2B) and were positively correlated to growth under heat stress (R2=0.0.89) (Fig 5A and
5B).

EXAMPLE 6

Determination of Lipid Peroxidation

[0053] Lipid peroxidation in the leaves was quantified with the thiobarbituric acid
(TBA) test, which determines the malondialdehyde (MDA) and related products as an end
product of lipid peroxidation (Hodges et al. 1999). Leaves (200 mg) were homogenized in 2
mL of 0.1% (w/v) ice cold trichloroacetic acid (TCA). Thereafter, the homogenate was
centrifuged at 12,000g for 15 minutes. To the 0.4mL of the supernatant, 0.8 mL of 0.5%
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(wiv) TBA in 20% (w/v) TCA was added. The mixture was incubated in boiling water bath
for 30 minutes, and the reaction was stopped by incubating in ice. Samples were centrifuged
at 10,000g for 10 min. and the absorbance was measured at 532 nm. Then subtracting the
value for non specific absorption at 600nm, the amount of MDA-TBA complex was

calculated from the extinction co-efficient 155 mm™ em™.

EXAMPLE 7

Determination of Carbonyl Content

[0054] The carbonyl groups in proteins were determined spectrophotometrically using
the dinitrophenyl hydrazine (DNPH) method (Levine et al. 1994). Total soluble proteins
(0.5mg) were incubated with the 1% (w/v) streptomycin sulfate and 0.3% (v/v) Trion x-100
for 20 min to remove the nucleic acids and centrifuged at 2000g for 20 minutes. To the
supernatant (200pL) were 12 mixed 300uL of 10mM DNPH in 2M HCI. For blanks, the
supernatants were mixed with 300uL of 2M HCL.  The mixture was incubated at room
temperature for 1 hour, and then the protein was precipitated by adding 10% (w/v)
trichloroacetic acid. The pellets were washed thoroughly using ethanol: ethyl acetate (1:1).
The final pellets were dissolved using 6M guanidine hydrochloride in 20 mM potassium
phosphate at pH 2.3, and the absorption was measured at 370 nm. The protein recovery was
estimated by measuring the absorbance at 280 nm. The carbonyl content was calculated

using the molar absorption co-efficient for aliphatic hydrazones 022,000 M(*-1)em("-1).

[0055] To evaluate the extent of oxidative stress, carbonyl contents in soluble proteins
and thiobarbituric acid-reactive substances (TBARS) were measured from plants exposed to
heat stress and control conditions. Under control conditions, carbonylated protein contents
were significantly less (P<0.05) in SG2 lines than the vector control and wild-type (Fig 5A).
Under stress, the protein carbonyl content significantly (P<0.05) increased in both vector
control line and wild-type, but not in SG2 lines (Fig 5B). TBARS in leaves, an index of lipid
peroxidation, also showed that even under control conditions, SG2 lines had significantly
(P<0.05) lower TBARS than vector control and wild-type. Under stress, the TBARS in wild-

type and vector controls significantly increased, but not in SG2 lines (Fig 5B).

EXAMPLE 8

Detection of carbonylated protein
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[0056] The carbonyl groups in the proteins were derivatized using DNPH (Srivalli
and Khanna Chopra, 2004). Total soluble protein (10ug) were mixed with an equal volume
of 12% sodium dodecyl sulfate (SDS) and then with two volumes of 20 mM DNPH dissolved
in 10% trifluoroacetic acid (TFA). For 2 controls, the samples were treated only with 10%
TFA. The mixture was incubated for 25 minutes at room temperature and the reaction was
stopped by adding 1.5 sample volumes of 2M Tris containing 30% (v/v) glycerol. The
volumes mentioned above, refer to the volume of the sample, before the addition of the
DNPH. The samples were loaded onto an 8-16% SDS-PAGE (Laemmli, 1970). Then, the
proteins were electrotransferred onto a PVDF membrane (Biorad, Richmond, CA, USA) at
40°C at 100 V for 90 min. The blot was incubated with primary antibody, rabbit anti-DNP
with the titer of 1:2000 (Sigma-Aldrich Co) and immunoreactive proteins were visualized
using anti-rabbit IgG alkaline phosphate conjugated antiserum with 5-bromo-4-chloro-3-
indolyl phosphate /nitroblue tetrazolium substrate (Sigma-Aldrich Co). The molecular
weights of protein bands for oxidatively-damaged proteins were calculated using the Rf

value.

[0057] To identify proteins that may be protected from carbonylation, immunoblots were
used and probed with anti-DNP antibody. Following loading of equal amounts of leaf total
proteins, protein bands positioned at The protein bands positioned at 149, 100, 70, 60, 49 and
23 kDa showed significant differences in the extent of carbonylation between the SG2 lines
analyzed and the wild-type and vector control (Fig. 7). This data suggests the SG2 lines are

protected from irreversible oxidative damage directly or indirectly by PvGrxS5.
EXAMPLE 9

[0058] .To evaluate drought tolerance of PvGRXS-expressing lines, PvGRXS-lines and
control lines were grown individually in 3-inch plastic containers, using a commercial
propagation medium (Mix number 2, Fafard Inc., Agawam, MA). The plants were grown
under 16-h-light photoperiod of 150 pmol sec™ m? supplied by cool white fluorescent lights
at 24 + 1°C constant temperature and 70% RH. They were watered every alternate day to
container capacity via sub-irrigation.in containers which were irrigated with 20 mL of half-
strength Hoagland nutrient medium each time. After one month of growth, for a set of plants,

drought stress treatment was imposed by withholding water for 10 days. At the end of the
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drought period, the plants were photographed and PSII efficiency and above ground biomass
were recorded (Fig 8).
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[0091] In the present invention, the inventors have surprisingly found that
glutaredoxins could be used to manipulate post-translational modifications of thiol proteins to
achieve stress-tolerant phenotypes. Glutaredoxins are known to reduce disulfide bridges
between proteins or reduce protein-glutathione adducts (Rouhier et al. 2008). The functional
roles for post-translational modifications of thiol proteins by glutathionylation are not
completely understood. With a multitude of glutaredoxins and their possible redox controls
of many target proteins, modulating the plant ‘glutaredoxome’ provides a powerful
biotechnological tool to improve crop tolerance to high temperature stress, and abiotic and
biotic stress tolerance generally.

[0092] The teachings of the references cited throughout the specification are
incorporated herein in their entirety by this reference to the extent they are not inconsistent

with the teachings herein. It should be understood that the examples and the embodiments
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described herein are for illustrative purposes only and that various modifications or changes
in light thereof will be suggested to persons skilled in the art and are to be included within the

spirit and purview of this application.
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CLAIMS
The invention claimed is:
1. A method for increasing stress resistance in a plant and for reducing oxidative

damage to plant proteins of the plant comprising expressing PvGrx5 in the plant.

2. The method of claim 2, wherein the plant has an increased tolerance to high
temperature stress, drought and/or cold stress.
3. A method for increasing the stress tolerance of plant cells comprising

expressing PvGrxS5 in the plant cells.

4. A method for increasing the tolerance of a plant to high temperature stress and
drought, and for reducing oxidative damage to plants proteins of the plant, comprising
introducing a nucleic acid that encodes for PvGrxS into a plant cell of the plant and

transforming the plant cell with the nucleic acid that encodes for PvGrxS.

5. A method for producing PvGrx5 comprising: culturing host cells, wherein the
cells have been transformed with a nucleic acid encoding PvGrx5 under conditions where the

PvGrxS5 is expressed, and isolating the PvGrxS.

6. A vparticular method for increasing the biomass and/or grain yield in plants

comprising expressing PvGrxS5 in the plants.

7. An isolated and purified PvGrx5 product having the amino acid sequence of
SEQ ID NO: 2.
8. A method of producing the PvGrx5 described above, comprising culturing

host cells which have been transformed with a nucleic acid encoding the PvGrx5 under

conditions in which the PvGrxS$ is expressed, and isolating the PvGrxS.

9. A method of producing PvGrx5 comprising culturing host cells that have been
transformed with a nucleic acid encoding the PvGrxS under conditions in which the PvGrxS5

is expressed, and isolating the PvGrxS.



WO 2010/021798 PCT/US2009/050820

1/8

RS

I g A ¢ ~Y ST T bR Y,

=
ROREICLRE E L A a.».v\....u'\.“-...vr.hl

. Rl i
CORTGRAAE

Rarad f“ﬂh T
St LR




WO 2010/021798

Grx aclivity

PyGrxs transcr

{pmols min’ my protein)

{relative ACE value)
A5

L0

sy

300
250
200
150
100

50

2/8

PCT/US2009/050820

HHE

H #

HH«

5G2-B  &G2-7 56241

5G2-5

862

|

{B}

WY

R§ SG2-B 5G2-7 SG2-1

FIG. 2



WO 2010/021798

(%}

Germination

140
120

P
o= B - Y 5= [ - S o B o |

FIG. 3

PCT/US2009/050820
3/8
0 z4°C W 32°C B 45%C
oo =3 NN - Fo- ] ..‘;;
WT R5 8G2-B SG2-7 S8G2-1



WO 2010/021798 PCT/US2009/050820

4/8

Control Heat j\stress

85G21
85G2-7
R5
4.2
O Contra! B Heat stress
- 3
g G.15 F |
o £
VE .1
g
m G.05 |
G 1 1 1

RS 8G2-B  SG2-7 5GE-

FIG. 4



WO 2010/021798 PCT/US2009/050820

5/8

ang
250 F O Heat Stress _I_

HA ab .

200

{pmots min' myg” protein}

b

50 F ol
100 F

Grx activi

0 ' ' : '
WT RS SG2.B $G2.7 $G2-1

{B}

7’ = 0.897
ﬁ L L
o 166 200 300

Growth under heat stress
(9" dwt)

Grx activity {amois min” myg;;z"1 protein)

FIG. 5



WO 2010/021798 PCT/US2009/050820

6/8

20
18 |
12 F =

g8 F - &
' L
n L L L [l

WT R& 8G2-B 8G2-7 8G2-1

w {A)

njury index (%)

20

A o B}
~ 16 | = O Control
' W Heat stress

‘o1z |

TBAR content
{pumals meg” fw

WT R S8G2-B 8G2-7 3G2-1
120

<)

.y

foss]

2
¥

O controt
B Heaat stress

&
<3
T

o
x
T

Carbony! content
{nmois mg" protein )

3 oh

<F [ 5 ]

<

WT R& BG2-B 8G2Z-7 8G2-1

FIG. 6



WO 2010/021798

7/8

PCT/US2009/050820

(A - (B}

ar

{Coomassie-siained)

FIG. 7

Loading controi

— Rulisco



PCT/US2009/050820

5G2-7 5621

RS

8/8

MpA) ST 1 Sd

8

FIG

WO 2010/021798

T T T T T T
LT T P o B s
P T i T o T e T s B

Ipaepci B 1ok SO




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 09/50820

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - AO1H 1/00; C12N 15/82
USPC - 435/468; 800/278

According to Intemational Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8): AOTH 1/00; C12N 15/82
USPC 435/468; 800/278

Minimum documentation searched (classification system followed by classification symbols)

Documentation scarched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
PubWEST(USPT,PGPB,EPAB,.JPAB); DialogPRO--Chemical Engineering and Biotechnology Abstracts, INSPEC, NTIS (National
Technical Information Service), PASCAL, Current Contents Search, MEDLINE

Search Terms: stress, oxidative damage, PvGrx5, drought, plant, cold, plant cell, transformation, transgenic

C. DOCUMENTS CONSIDERED TO BE RELEVANT

[0101], [0135).

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y SUNDARAM, et al., An Arsenate-activated Glutaredoxin from the Arsenic Hyperaccumulator 14
Fern Pteris vittata L. Regulates Intracellular Arsenite, J Biol Chem (March 7, 2008) vol. 283, no.
10, pg. 609576101, pg 6095, col 2, para 4, In 5; pg 6100, col 1, para 4, In 8-col 2, In 1; fitle.
Y US 2006/0075522 A1 (Cleveland, et al.) 06 April 2006 (06.04.2006), para [0010] [0061], [0086], | 1-4

[:I Further documents are listed in the continuation of Box C.

O

* Special categories of cited documents:

“A™ document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or afier the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means

“P*  document published prior to the international filing date but later than

the priority date claimed

later document published afler the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

o

" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

28 December 2009 (28.12.2009)

Date of mailing of the international search report

11 JAN 2010

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISAVUS, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.  571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdask: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 09/50820

Box No. II.  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: claims 1-4, directed to a method of increasing stress resistance in a plant or reducing oxidative damage to plant proteins,
comprising expressing PvGrx5 in the plant.

Group II: claims 5, 8 and 9, directed to a method for producing PvGrx5, comprising culturing host cells which have been transformed
with a nucleic acid encoding PvGrx5 and isolating the protein.

- Please see extra sheet for continuation -

1. l:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. E] As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }x{ No required additional search fees were timely paid by the applicant. Consequently, this intemational search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-4

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continuation of Box I1I: Lack of Unity of Invention

Group lIl; claim 6, directed to a method of increasing biomass or grain yield from plants, comprising expressing PvGrx5 in the plants.
Group IV: claim 7, directed to an isolated and purified PvGrx5 having the amino acid sequence of SEQ ID NO: 2.

The inventions listed as Groups | - IV do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical feature of the Group | claims is a method of increasing stress resistance in a plant or reducing oxidative damage to
plant proteins, comprising expressing PvGrx5 in the plant. The special technical feature of the Group Il claims is a a method for
producing PvGrx5, comprising culturing host cells which have been transformed with a nucleic acid encoding PvGrx5 and isolating the
protein. The special technical feature of the Group Il claims is a method of increasing biomass or grain yield from plants, comprising
expressing PvGrx5 in the plants. The special technical feature of the Group IV claims is an isolated and purified PvGrx5 having the
amino acid sequence of SEQ ID NO: 2.

The only common technical element shared by the above groups is that they are related to PvGrxS. Some of the groups share the
further common technical element of expresssion of PvGrx5 in a plant. These common technical elements do not represent an
improvement over the prior art of the article entitied "An Arsenat-activated Glutaredoxin from the Arsenic Hyperaccumulator Fern Pteris
vittata L. Regulates Intracellular Arsenite* by Sundaram et al. (see abstract, Fig. 3). Therefore, the inventions of Groups I-IV lack unity
of invention under PCT Rule 13 because they do not share a same or corresponding special technical feature.

Form PCT/ISA/210 (extra sheet) (July 2009)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report

