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(57) ABSTRACT 
Methods are provided for imparting desirable pohenotypic 
traits to transgenic plants, among them being increased 
tolerance to external stresses such as drought, freezing 
temperatures, high salt conditions, and the like. In addition, 
the present invention is directed toWard methods for increas 
ing the yield of seeds from plants by using the pollen from 
a transgenic plant transformed to overeXpress a vacuolar 
proton-pumping pyrophosphatase to fertilize plants, and to 
the pollen of transgenic plants itself. 
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Fig. [2A, Photomicrograph (40x) showing formation of pollen tubes in the papillae of the 
stigma of a wild type Arabidopsis thaliana plant pollinated with Wild type pollen. 

Fig. ?éPhotomicrograph (40x) showing formation of pollen tubes in the papillae of the 
stigma of a Wild type Arabidopsis thaliana plant pollinated with 35S AVPl transgenic 
pollen. 
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F10. J 3 14 Photomicrograph (40X) showing ?uorescence of wild type tube forming pollen 
in Wild type Arabidopsis thaliana plant six hours after application, stained using 
theaniline blue. 

Fig. 133 Photomicrograph (40x) showing ?uorescence of 35S AVPl tube forming pollen 
in wild type Arabidopsis thaliana plant six hours after application, stained using 
theaniline blue. 
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METHODS FOR IMPARTING DESIRABLE 
PHENOTYPIC TRAITS, INCLUDING DROUGHT, 
FREEZE, AND HIGH SALT TOLERANCE AND 

METHODS FOR INCREASING SEED 
PRODUCTION 

REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims bene?t, under Title 35, 
U.S.C. § 119(e), of U. S. application Ser. No. 60/226,223, 
?led Aug. 18, 2000. 

FIELD OF THE INVENTION 

[0002] The present invention relates, in general, to meth 
ods of imparting desirable phenotypic traits in plants trans 
formed With exogenous nucleotide sequences. More speci? 
cally, the present invention concerns imparting the ability to 
Withstand external stresses such as drought, extended expo 
sure to sub-freeZing temperatures, and high salinity on 
plants through transformation With exogenous nucleotides 
encoding a tonoplast pyrophosphate-driven H+ pump. The 
present invention also concerns methods for increasing the 
production of seeds in plants by using pollen from geneti 
cally-altered plants to fertilize Wild type or transgenic plants. 
The present invention also relates to the pollen produced by 
genetically altered plants. 

BACKGROUND OF THE INVENTION 

[0003] The prospects for feeding humanity as We enter the 
neW millennium are formidable. Given the every increasing 
World population, it remains a major goal of agricultural 
research to improve crop yield. Until recently crop and plant 
improvements depended on selective breeding of plants 
having desirable characteristics. Such selective breeding 
techniques, hoWever, Were often less than desirable as many 
plants had Within them heterogeneous genetic complements 
that did not result in identical desirable traits to their parents. 

[0004] Recently, advances in molecular biology have 
alloWed mankind to manipulate the germplasm of animals 
and plants. Genetic engineering of plants entails the isola 
tion and manipulation of genetic material (typically in the 
form of DNA or RNA) and the subsequent introduction of 
that genetic material into a plant or plant cells. Such tech 
nology has led to the development of plants With increased 
pest resistance, plants that are capable of expressing phar 
maceuticals and other chemical, and plants that express 
bene?cial traits. Advantageously such plants not only con 
tain a gene of interest, but remain fertile and often desirably 
to pass the gene on to its progeny. 

[0005] One particular area of interest of late has been the 
development of plants With improved production of seeds. 
Improving the yield in the production of seeds from culti 
vars, such as rice, canola, Wheat, corn, and sun?oWer, can 
increase food production for animal and human consump 
tion. Also, improved seed yield can have economic bene?ts 
by reducing the costs associated With producing seed for 
farming. 
[0006] The yield of a plant crop may be improved by 
groWing transgenic plants that are individually larger than 
the Wild-type plant in vegetative and/or reproductive struc 
ture. It is knoWn in the art that certain groWth factors may 
be used to increase plant and/or plant ?oWer siZe. Unfortu 
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nately, application of such groWth factors is costly and time 
consuming, and do not necessarily substantially increase the 
yield of seeds from the plants. A need, therefore, exists for 
developing an improved method for increasing the yield of 
seeds from plants. 

SUMMARY OF THE INVENTION 

[0007] In a ?rst embodiment, the present invention pro 
vides a transgenic plant resistant to the effects of externally 
imposed stresses, Wherein the transgenic plant comprises a 
nucleotide sequence comprising an exogenous tonoplast 
pyrophosphate driven H+ pump gene operably linked to a 
promoter. The transgenic plant of the invention is resistant to 
externally imposed stresses such as drought, prolonged 
exposure to temperatures beloW 0° C., and groWth media 
high in salt content, Where the groWth media may be soil or 
Water. Preferably, the exogenous tonoplast driven H+ pump 
gene is operably linked to a double tandem enhancer of the 
35S CaMV promoter. In addition, the present invention 
contemplates a seed produced by the transgenic plant of the 
invention, as Well as a progeny plant from the seed of the 
plant of the invention. 

[0008] In another embodiment, the present invention pro 
vides a transgenic plant containing a polynucleotide 
sequence comprising a multiplicity of exogenous tonoplast 
pyrophosphate driven H+ pump genes operably linked to a 
double tandem enhancer of the 35S CaMV promoter, 
Wherein the number of pyrophosphate driven H+ pump 
genes is sufficient to express a suf?cient number of pyro 
phosphate driven H+ pumps on the vacuolar membranes to 
impart desirable phenotypic traits to the transgenic plant. 
Among these phenotypic traits are an ability to resist the 
effects of externally imposed stresses, Wherein the externally 
imposed stresses to Which the plant is resistant are exem 
pli?ed by drought, prolonged exposure to temperatures 
beloW 0° C., and a groWth medium high in salt content. The 
plant of this embodiment of the invention comprises exog 
enous nucleic acid that encodes AVP1 or, alternatively, an 
homolog of AVP1. This homolog may be obtained from 
tobacco, bacteria, tomato or corn. The transgenic plants of 
this embodiment comprise an A VP1 gene in a construct 
designed to overexpress AVP1 or designed to doWn-regulate 
endogenous pyrophosphatase. In this construct, preferably 
the AVP1 is operably linked to a double tandem enhancer of 
a 35S CaMV promoter. Preferably, the AVP1 gene is derived 
from a Wild type plant of the same species from Which the 
transgenic plant is derived. Alternatively, the AVP1 gene is 
derived from a Wild type plant of a different species from 
Which the transgenic plant is derived. 

[0009] In another aspect of this embodiment of the present 
invention, the transgenic plant is larger than a Wild-type 
plant of the same species. Also, the invention contemplates 
a progeny plant of the transgenic plant, seeds produced by 
the transgenic plant, and a progeny plant groWn from the 
seed. 

[0010] In yet another embodiment of the invention, the 
present invention contemplates a transgenic plant obtained 
by introducing into the genome of the plant exogenous 
nucleic acid that alters expression of vacuolar pyrophos 
phatase in the transgenic plant, as Well as plant cells com 
prising exogenous nucleic acid that alters expression of 
vacuolar pyrophosphatase in the plant cell. Preferably, the 
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plant cells are selected from the group consisting of root 
cells and stem cells. Furthermore, the plant cells comprise 
exogenous nucleic that acid encodes the AVPl protein. 
Preferably, in the plant cells of the present invention, the 
exogenous nucleic acid that encodes AVPl is present in a 
construct designed to overexpress AVPl or designed to 
doWn-regulate endogenous pyrophosphatase. More prefer 
ably, the construct comprises the AVPl gene operably linked 
to a chimeric promoter designed to overexpress AVPl. More 
preferably still, the AVPl gene is operably linked to a double 
tandem enhancer of a 355 CaMV promoter. In this embodi 
ment, the nucleotide encoding AVPl is derived from a Wild 
type plant of the same species from Which the transgenic 
plant is derived, although the present invention also con 
templates that the nucleotide encoding AVPl can be derived 
from a Wild type plant of a different species from Which the 
transgenic plant is derived. 

[0011] The present invention, in yet another embodiment, 
provides a method of making a transgenic plant that is larger 
in siZe than its corresponding Wild type plant comprising 
introducing into one or more cells of a plant a nucleotide 
sequence that alters expression of vacuolar pyrophosphatase 
in the plant to yield transformed cells, thereby producing a 
transgenic plant that is larger than its corresponding Wild 
type plant. In this embodiment, the method further com 
prises regenerating plants from the transformed cells to yield 
transgenic plants and selecting a transgenic plant that is 
larger than its corresponding Wild type plant, thereby pro 
ducing a transgenic plant Which is larger than its correspond 
ing Wild type plant. Also encompassed by this embodiment 
of the present invention is a transgenic plant produced by 
this method. 

[0012] In yet another alternative embodiment, the present 
invention contemplates a method of increasing the yield of 
a plant comprising introducing into one or more cells of a 
plant nucleic acid that alters expression of vacuolar pyro 
phosphatase in the plant to yield transformed cells, thereby 
increasing the yield of the plant. this method further com 
prises regenerating plants from the transformed cells to yield 
transgenic plants and selecting a transgenic plant that is 
larger than its corresponding Wild type plant, thereby 
increasing the yield of the plant. 

[0013] Also provided by the present invention is a method 
of making a transgenic plant having increased ?oWer siZe 
compared to its corresponding Wild type plant comprising 
introducing into one or more cells of a plant nucleic acid that 
alters expression of vacuolar pyrophosphatase in the plant to 
yield transformed cells, thereby producing a transgenic plant 
having increased ?oWer siZe compared to its corresponding 
Wild type plant. preferably, the exogenous nucleic acid 
encodes AVPl. This embodiment of the invention also 
enompasses a transgenic plant produced by the method. 

[0014] In another embodiment, the invention of the instant 
application provided a method of making a transgenic plant 
With increased biomass comprising introducing into one or 
more cells of a plant a nucleic acid construct that alters 
expression of vacuolar pyrophosphatase so as to increase 
vacuolar pyrophosphatase activity in the cell to yield trans 
formed cells thereby producing a transgenic plant With 
increased biomass. This method further comprises regener 
ating plants from the transformed cells to yield transgenic 
plants and selecting a transgenic plant With increased bio 

Feb. 21, 2002 

mass. Also encompassed by this embodiment of the present 
invention is a transgenic plant produced by the method. 

[0015] In an alternate aspect of this embodiment, the 
present invention provides a method of making a transgenic 
plant With an increased biomass over its corresponding Wild 
type plant, Wherein the increased biomass relates to an 
increase in the biomass of a plant part selected from the 
group consisting of leaves, stems, roots, seeds, flowers, and 
fruits; said method comprising introducing into one or more 
cells of a plant an exogenous nucleic acid that alters expres 
sion of vacuolar pyrophosphatase such so as to enhance the 
activity of the vacuolar pyrophosphatase in the plant to yield 
transformed cells, thereby producing a transgenic plant With 
an increased biomass. This method, as provided by the 
present invention, further comprises regenerating plants 
from the transformed cells to yield transgenic plants and 
selecting a transgenic plant that is larger than its correspond 
ing Wild type plant, thereby producing a transgenic plant 
With an increased biomass. Preferably, according to this 
method, the exogenous nucleic acid encodes AVPl, or a 
homolog thereof. More preferably, the AVPl, or homolog 
thereof, is expressed from a construct designed to overex 
press AVPl, or the homolog thereof. Preferably, this con 
struct comprises the AVPl gene, or gene encoding a 
homolog of AVPl, Wherein the gene is operably linked to a 
chimeric promoter designed to overexpress AVPl. More 
preferably, the AVPl gene is operably linked to a chimeric 
promoter selected from the group consisting of tissue spe 
ci?c promoters, constitutive promoters, inducible promoters 
and combinations thereof. In a most preferred embodiment, 
the AVPl gene is operably linked to a tissue-speci?c pro 
moter that promotes expression of AVPl in pollen. 

[0016] In one aspect of this embodiment, the AVPl gene 
is operably linked to a double tandem enhancer of a 355 
CaMV promoter. Preferably, the AVPl gene, or homolog 
thereof, is derived from a Wild type plant. Alternatively, the 
AVPl gene, or homolog thereof, is derived from a transgenic 
plant. In yet another aspect of this embodiment, the AVPl 
gene, or homolog thereof, is derived from a mutant plant. in 
one aspect, the transgenic plant is groWn in soil, or is groWn 
hydroponically. Also possible, is that a cell from the trans 
genic plant is groWn in culture. Also contemplated by this 
embodiment of the present invention is a transgenic plant 
produced by this method. 

[0017] In still another embodiment, the present invention 
provides a method of making a transgenic plant having 
increased root structure compared to its corresponding Wild 
type plant comprising introducing into one or more cells of 
the plant an exogenous nucleic acid that alters expression of 
vacuolar pyrophosphatase so as to increase vacuolar pyro 
phosphatase activity in the plant to yield transformed cells, 
thereby producing a transgenic plant having increased root 
structure. According to this embodiment of the present 
invention, the exogenous nucleic acid encodes AVPl, or a 
homolog thereof. Also contemplated here is a transgenic 
plant produced by the method. 

[0018] In a most preferred embodiment, the present inven 
tion contemplates a method for increasing production of 
seeds in plants comprising the steps of (a) providing pollen 
from a ?rst plant, Wherein said ?rst plant has been trans 
formed With a tonoplast pyrophosphate driven H+ pump 
gene operably linked to a promoter to create a transgenic 
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plant; (b) fertilizing a second plant of the same species from 
Which the ?rst plant is derived With the pollen from the 
transgenic plant; and (c) culturing the fertilized plant until 
the plant produces mature seeds. According to this method, 
the tonoplast pyrophosphatase driven H+ pump gene trans 
formed into the ?rst plant is eXogenous. Also contemplated 
is that the second plant is a transgenic plant or a Wild type 
plant. 

[0019] Preferably, the eXogenous tonoplast pyrophosphate 
driven H+ pump gene is operably linked to a chimeric 
promoter. More preferably, the eXogenous tonoplast pyro 
phosphate driven H+ pump gene is operably linked to a 
double tandem enhancer of the 35S CaMV promoter. More 
preferably still, the eXogenous tonoplast pyrophosphate 
driven H+ pump gene is operably linked to a double tandem 
enhancer of the 35S CaMV promoter and is further operably 
linked to a multiple cloning site. in a most preferred embodi 
ment, the eXogenous tonoplast pyrophosphate driven H+ 
pump gene encodes AVP1. Also coming Within this embodi 
ment of the present invention is a plant seed produced by the 
method; a progeny plant groWn from the plant seed, Wherein 
the ?rst and second plants used in the method are from the 
speciesA. thaliana. Alternatively, the ?rst and second plants 
are from the species nicotinia tabacum. 

[0020] In another aspect of this embodiment of the inven 
tion, the second plant has been transformed With a poly 
nucleotide sequence comprising an eXogenous tonoplast 
pyrophosphatase driven H+ pump gene operably linked to a 
promoter. Preferably, the polynucleotide sequence com 
prises an eXogenous tonoplast pyrophosphatase driven H+ 
pump gene operably linked to a double tandem enhancer of 
the 35S CaMV promoter. Further, the polynucleotide 
sequence comprises an exogenous tonoplast pyrophos 
phatase driven H+ pump gene operably linked to a double 
tandem enhancer of the 35S CaMV promoter and further 
operably linked to a multiple cloning site. More preferably, 
the polynucleotide sequence comprises an eXogenous tono 
plast pyrophosphatase driven H+ pump gene operably linked 
to a double tandem enhancer of the 35S CaMV promoter and 
further operably linked to a heterologous coding sequence. 
This aspect of the present embodiment also contemplates a 
plant seed produced by the method and a progeny plant 
groWn from the plant seed. 

[0021] The present invention provides, in one aspect, 
pollen produced by a transgenic plant that has been trans 
formed With a tonoplast pyrophosphatase driven H+ pump 
gene operably linked to a promoter. The pollen from these 
transgenic plants is more competent in fertiliZation, resulting 
in increased yield of seeds from the plants. Because most 
crops of interest are hermaphroditic, self-pollination of the 
transgenic plants by the more competent pollen Will occur 
and Will result in improved seed yield. The improved seed 
yield is demonstrated both by increased numbers of seeds 
and increased seed pod mass. Increased seed yield can 
increase the production of products from cultivars such as 
rice, canola, Wheat, corn and sun?oWer. Also, increased seed 
yield can decrease the cost of producing seeds to be used in 
crop production. 

[0022] Other advantages of the present invention Will 
become more readily apparent in vieW of the accompanying 
detailed description of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] So that those having ordinary skill in the art to 
Which the subject invention appertains Will more readily 
understand the subject invention, reference may be had to 
the draWings, Wherein: 

[0024] FIG. 1A is an overhead vieW of Wild type (WT) 
and tWo independent transgenic lines (AVP1-1 and AVP1-2) 
after 10 days of Water deprivation. 

[0025] FIG. 1B is an overhead vieW of the plants shoWn 
in FIG. 1A after reWatering. 

[0026] FIG. 2 is an overhead vieW of a representative Wild 
type plant (WT) versus representative transgenic plants 
overeXpressing AVP1 (AVP1-1 and AVP1-2) after eXposure 
to 7 days of Water de?cit stress. 

[0027] FIGS. 3A, 3B and 3C are photomicrographs of the 
root and root hairs of representative ?ve day old seedlings 
obtained from representative WT, AVP1-1 and AVP1-2 
plants groWn parallel to the surface on vertical plant nutrient 
agar plates. 

[0028] FIG. 4 is an immunoblot of membrane fractions 
isolated from Wild type (WT) and tWo independent trans 
genic lines (AVP1-1 and AVP1-2) overeXpressing AVP-l. 

[0029] FIG. 5 is a perspective vieW of Wild-type plants 
(WT) versus representative transgenic plants overeXpressing 
AVP-l (AVP1-1 and AVP1-2) groWn in salty soil. 

[0030] FIG. 6A is a graph showing accumulation of 
sodium ion in leaf tissue for Wild-type plants (WT) versus 
representative transgenic plants overeXpressing AVP-l 
(AVP1-1 and AVP1-2). 
[0031] FIG. 6B is a graph shoWing accumulation of 
potassium ion in leaf tissue for Wild-type plants (WT) versus 
representative transgenic plants overeXpressing AVP-l 
(AVP1-1 and AVP1-2). 
[0032] FIG. 6C is a graph shoWing the results of mea 
surements of transport using vacuolar membrane vesicles 
derived from the AVP1 transgenic plant demonstrating that 
vacuoles from these plants have enhanced cation uptake 
capability. 

[0033] FIG. 7 is a graph of the uptake of calcium into the 
35SAVP-1 transgenic vacuolar membrane vesicles (squares) 
of AVP1-2 FIG. 5 versus calcium uptake into vesicles 
obtained from Wild type (WT) of FIG. 5. 

[0034] FIGS. 8A and 8B are illustrations demonstrating 
the theoriZed mechanism for a higher accumulation of solids 
into vacuoles via a proton driven function versus that of WT 
vacuoles. 

[0035] FIG. 9 is a graph shoWing seed yield for Wild-type, 
AVP1-1 and AVP1-2 plants groWn in a 16 hour light/8 hour 
dark cycle for tWo months. 

[0036] FIG. 10A is a graph shoWing average number of 
seeds. 

[0037] FIG. 10B is a graph shoWing average seed pod 
mass. 

[0038] FIG. 11 is a graph shoWing volume occupied by 
seeds from Wild type and transgenic tobacco. 
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[0039] FIG. 12A. is a photomicrograph (40x) showing 
formation of pollen tubes in the papillae of the stigma of a 
Wild type Arabidopsis thaliana plant pollinated With Wild 
type pollen. 

[0040] FIG. 12B. is a photomicrograph (40x) shoWing 
formation of pollen tubes in the papillae of the stigma of a 
Wild type Arabidopsis thaliana plant pollinated With 35S 
AVPl transgenic pollen. 

[0041] FIG. 13A. Photomicrograph (40x) shoWing ?uo 
rescence of Wild type tube forming pollen in Wild type 
Arabidopsis thaliana plant six hours after application, 
stained using theaniline blue. 

[0042] FIG. 13B. Photomicrograph (40x) shoWing ?uo 
rescence of 35S AVPl tube forming pollen in Wild type 
Arabidopsis thaliana plant six hours after application, 
stained using theaniline blue. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] Preferred embodiments of the invention are 
described beloW. The preferred embodiments disclosed 
herein are to be considered exemplary of the principles of 
the present invention and are not intended to limit the 
invention to the embodiments described. Various modi?ca 
tions Will be apparent to those skilled in the art based on the 
teachings herein Without departing from the scope or spirit 
of the invention disclosed herein. 

[0044] Transgenic plants that overexpress a vacuolar pro 
ton-pumping pyrophosphatase have been shoWn to have 
improved resistance to stress, such as drought, high salinity 
or extended exposure to freeZing conditions, and to exhibit 
enhanced meristematic activity. These transgenic plants, and 
methods for producing these plants, have been described in 
application Ser. No. PCT/US00/30955, ?led on Nov. 10, 
2000, and in application Ser. No. PCT/US01/09548, ?led on 
Mar. 24, 2001, the entire contents of each of Which are 
hereby incorporated by reference. 

[0045] Brie?y, this transformation can be accomplished 
using, for example, an exogenous tonoplast pyrophosphate 
driven H+ pump gene operably linked to a promoter. The 
exogenous gene may encode AVP-l or a homologue of 
AVP-l. The invention is not limited in this regard, and 
pollen from any plant that has been transformed to overex 
press a vacuolar proton-pumping pyrophosphatase may be 
used. 

[0046] The promoter may be a chimeric promoter, a 
double tandem enhancer of the 355 CaMV promoter, a 
pollen speci?c promoter, or any other promoter knoWn to 
those of skill in the art. Alternatively, the plant may be 
transformed using a polynucleotide sequence comprising an 
exogenous tonoplast pyrophosphatase drive H+ pump gene 
operably linked to a promoter. 

[0047] The present invention discloses a transgenic plant 
having upregulated expression of vacuolar pyrophosphatase. 
It has been found that plants displaying such upregulated 
activity are, in general larger than Wild-type counterparts, 
demonstrate improved stress resistance to drought and/or 
freeZe, and have increased tolerance to salt in the media in 
Which they are groWing. 
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[0048] Any suitable exogenous nucleic acid molecule 
Which alters expression of vacuolar pyrophosphatase in the 
plant can be used to transform the transgenic plants in accord 
With the present invention. The exogenous nucleic acid can 
comprise nucleic acid that encodes a vacuolar pyrophos 
phatase protein (an exogenous vacuolar pyrophosphatase), 
such as AVPl, a functional portion thereof (peptide, 
polypeptide), or a homologue thereof, and/or nucleic acid 
that alters expression of the endogenous vacuolar pyrophos 
phatase of the plant into Which the exogenous nucleic acid 
is introduced. By “exogenous nucleic acid” it is meant a 
nucleic acid from a source other than the plant cell into 
Which it is introduced, or into a plant or plant part from 
Which the transgenic part Was produced. The exogenous 
nucleic acid used for transformation can be RNA or DNA, 
(e.g., cDNA, genomic DNA). In addition, the exogenous 
nucleic acid can be circular or linear, double-stranded or 
single-stranded molecules. Single-stranded nucleic acid can 
be the sense strand or the anti-sense strand. By a “functional 
portion” of a nucleic acid that encodes a vacuolar pyrophos 
phatase protein it is meant a portion of the nucleic acid that 
encodes a protein or polypeptide Which retains a functional 
characteristic of a vacuolar pyrophosphatase protein. In a 
particular embodiment, the nucleic acid encodes AVPl, a 
functional portion or a homologue thereof. 

[0049] Nucleic acid that alters expression of the endog 
enous vacuolar pyrophosphatase of the plant into Which the 
exogenous nucleic acid is introduced includes regulatory 
sequences (e.g., inducible, constitutive) Which function in 
plants and antisense nucleic acid. Examples of regulatory 
sequences include promoters, enhancers and/or suppressors 
of vacuolar pyrophosphatase. The nucleic acid can also 
include, for example, polyadenylation site, reporter gene 
and/or intron sequences and the like Whose presence may 
not be necessary for function or expression of the nucleic 
acid but can provide improved expression and/or function of 
the nucleic acid by affecting, for example, transcription 
and/or stability (e.g., of mRNA). Such elements can be 
included in the nucleic acid molecule to obtain optimal 
performance of the nucleic acid. 

[0050] The nucleic acid for use in the present invention 
can be obtained from a variety of sources using knoWn 
methods. For example, the nucleic acid encoding a vacuolar 
pyrophosphatase (e.g., AVPl) for use in the present inven 
tion can be derived from a natural source, such as tobacco, 
bacteria, tomato or corn. In one embodiment, the nucleic 
acid encodes a vacuolar pyrophosphatase that corresponds to 
a Wild type of the transgenic plant. In another embodiment, 
the nucleic acid encodes a vacuolar pyrophosphatase that 
does not correspond to a Wild type of the transgenic plant. 
Nucleic acid that alters expression of the endogenous vacu 
olar pyrophosphatase of the plant into Which the exogenous 
nucleic acid is introduced (e.g., regulatory sequence) can 
also be chemically synthesiZed, recombinantly produced 
and/or obtained from commercial sources. 

[0051] A variety of methods for introducing the nucleic 
acid of the present invention into plants are knoWn to those 
of skill in the art. For example, Agrobacterium-mediated 
plant transformation, particle bombardment, microparticle 
bombardment (e.g., US. Pat. Nos. 4,945,050; 5,100,792) 
protoplast transformation, gene transfer into pollen, injec 
tion into reproductive organs and injection into immature 
embryos can be used. The exogenous nucleic acid can be 
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introduced into any suitable cell(s) of the plant, such a root 
cell(s), stem cell(s) and/or leaf cell(s) of the plant. In 
addition, the genetic material of the transformed plant may 
be introduced into other germ lines displaying traits of 
interest by cross-breeding the transgenic lines With other 
lines in accord With established principles of Mendelian 
genetics. 
[0052] Any suitable plant can be used to produce the 
transgenic plants of the present invention. For example, 
tomato, corn, tobacco, rice, sorghum, cucumber, lettuce, turf 
grass, ornamental (e.g., larger ?oWers, larger leaves) and 
legume plants can be transformed as described herein to 
produce the transgenic plants of the present invention. In 
addition, the transgenic plants of the present invention can 
be groWn in any medium Which supports plant groWth such 
as soil or Water (hydroponically). 

[0053] Desirable phenotypic traits (e.g., the ability to 
resist externally imposed stresses, including conditions of 
decreased Water supply or extended periods of below 
freeZing temperatures) may be introduced into a plant of the 
present invention by transforming plant cells With exog 
enous nucleic acid Which alters the expression of vacuolar 
pyrophosphatase in the plant such that expression is upregu 
lated. Any suitable vacuolar pyrophosphatase, several of 
Which have been cloned, can be used in the compositions 
and methods of the present invention (e.g., Sarasian, Z., et 
al., Proc. Natl. Acad. Sci, USA, 89:1775-1779 (1992); 
Jenslerchl, et al., Molec. Biol, 29: 833-840 (1995); Kim, Y., 
et al., Plant Physiol, 106:375-382 (1994)). In a particular 
embodiment, the present invention relates to a transgenic 
plant exhibiting desirable phenotypic traits such as resis 
tance to external stresses comprising an exogenous nucleic 
acid construct Which is designed to overexpress AVP1 
(Sarasian, Z., et al., Proc. Natl. Acad. Sci, USA, 89:1775 
1779 (1992)). Transformation of the plant cells may be 
carried out in a Whole plant, seeds, leaves, roots or any other 
plant part. Such transgenic plants are preferably altered such 
that they groW in a concentration of salt that inhibits groWth 
of a corresponding non-transgenic plant. Transgenic prog 
eny of the transgenic plants, seeds produced by the trans 
genic plant and progeny transgenic plants groWn from the 
transgenic seed, Which are also the subject of the present 
invention, advantageously carry such salt tolerant trait. 
Plants may be regenerated from transformed cells to yield 
transgenic plants, Which may be screened for certain levels 
of salt tolerance. In a preferred embodiment, the exogenous 
nucleic acid encodes AVP1, or a homologue thereof. 

[0054] Drought and/or freeZe tolerance may be introduced 
into plants by transforming plant cells With exogenous 
nucleic acid Which alters the expression of vacuolar pyro 
phosphatase in the plant such that such expression is upregu 
lated. In a preferred embodiment there is provided a sub 
stantially drought and/or freeZe resistant transgenic plant 
Which comprises a genome having one or more exogenously 
introduced vacuolar H+-translocating pump genes. A par 
ticularly preferred fertile transgenic plant eliciting drought 
and/or freeZe tolerance, as Well as the ability to groW in 
saline soils, comprises an isolated exogenous chimeric DNA 
construct encoding vacuolar H+-translocating pump, prefer 
ably operably linked to a promoter, such as the 35S CaMV 
promoter or any other promoter, including, Without limita 
tion, tissue speci?c promoters. The transgenic plant may 
contain a polynucleotide sequence comprising an exogenous 
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tonoplast pyrophosphate H+ pump gene operably linked to a 
promoter. In yet another particularly preferred drought and/ 
or freeZe resistant transgenic plant having the capacity to 
groW in saline soils, the polynucleotide sequence comprises 
an exogenous tonoplast pyrophosphate H+ pump gene oper 
ably linked to a double tandem enhancer of the 35S pro 
moter. A particularly preferred tonoplast pyrophosphate H+ 
pump gene is the AVP1 gene. 

[0055] Previous Work has shoWn that a decrease in the 
levels of the A subunit of the vacuolar H+-ATPase of carrot, 
using an antisense construct, resulted in a plant With reduced 
cell expansion and altered leaf morphology (J. P. Gogarten, 
et al., The Plant Cell 4, 851-864 (1992)). The present 
inventor has hypothesiZed that an increased supply of H+ 
into the vacuole could cause cell expansion. Recently, based 
on the theory that as the availability of protons in the 
vacuolar function of ion accumulation, it has been hypoth 
esiZed by the same inventor that accumulation of solids in 
the vacuoles might be useful to protect against draught and 
to provide for a more freeZe resistant plants. 

[0056] Since plant vacuoles constitute 40 to 99% of the 
total intracellular volume of a mature plant cell, changes in 
the siZe of the vacuole have dramatic effects upon cell siZe 
(R. G. Zhen, E. J. Kim, P. A. Rea, in The Plant Vacuole. 
(Academic Press Limited, 1997), vol. 25, pp. 298-337). The 
volume of the vacuole is controlled by ion and Water ?uxes 
mediated by pumps and transporters. In plants the driving 
force that triggers the movement of ions, solutes and Water 
across membranes is a proton gradient. The activity of the 
vacuolar H+-pumps results in luminal acidi?cation and the 
establishment of a H+ electrochemical potential gradient 
across the vacuolar membrane, Which poWers the secondary 
active transporters of inorganic ions, sugars, and organic 
acids. The activity of these transporters modulates cellular 
pH and ion homeostasis and leads to the accumulation of 
solutes required to generate the osmotic potential that pro 
motes vacuolar expansion SZe, X. Li, M. G. Palmgren, 
The Plant Cell 11, 677-689 (1999)). 

[0057] There are three distinct pumps that generate proton 
electrochemical gradients. One at the plasma membrane that 
extrudes H+ from the cell (PM H+-ATPase) and tWo at the 
vacuolar membrane or other endomembrane compartments 
that acidify their lumen (the vacuolar type H+-ATPase and 
H+-PPase) (R. A. Leigh, in The Plant Vacuole L. a. Sanders, 
Ed. (Academic Press, San Diego, Calif., 1997), vol. 25, pp. 
171-194.). 
[0058] The present inventor has recogniZed that plants 
have a number of vacuolar H+-translocating pumps, and that 
by upregulating their activity, increasing their expression, 
upregulating their transcription and/or translation, or 
increasing their copy number that one can increase accu 
mulation of solids in the vacuole due to an increase in the 
availability of protons in the vacuoles. The inventor tested 
this hypothesis by increasing the copy number of the vacu 
olar H+-translocating pump, the inorganic pyrophosphatase 
or V-PPase that consists of a single polypeptide (R. G. Zhen, 
E. J. Kim, P. A. Rea, in The Plant Vacuole. (Academic Press 
Limited, 1997), vol. 25, pp. 298-337). In Arabidopsis the 
V-PPase encoded by the AVP-1 gene is capable of generat 
ing a H+ gradient across the vacuole membrane (tonoplast) 
similar in magnitude to that of the vacuolar H+-ATPase (V. 
Sara?an, Y. Kim, R. J. Poole, P. A. Rea, Proc. Natl. Acad. 












