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PLANT CO, SENSORS, NUCLEIC ACIDS 
ENCODING THEM, AND METHODS FOR 

MAKING AND USING THEMI 

RELATED APPLICATIONS 

This U.S. utility patent application is a divisional of U.S. 
patent application Ser. No. 12/597,880, filed Jul. 12, 2010, 
now pending, which is a national phase under 35 USC 371 
of international patent application PCT/US2008/061654, 
filed Apr. 25, 2008, which has as a priority document (claims 
the benefit of priority of) U.S. Provisional Application No. 
60/914,640, filed Apr. 27, 2007. The aforementioned appli 
cations are explicitly incorporated herein by reference in 
their entirety and for all purposes. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

This invention was made with United States government 
support under grant number GM60396, awarded by the 
National Institutes of Health, and NSF contract it MCB 
0417118; and NSF MCB0417118 and NIH R01 GMO60396. 
The government has certain rights in this invention. 

TECHNICAL FIELD 

This invention generally relates to plant molecular and 
cellular biology. In particular, the invention provides com 
positions and methods for manipulating the exchange of 
water and/or carbon dioxide (CO) through plant stomata by 
expressing and controlling CO sensor genes, including the 
novel CO sensor genes of this invention. The invention also 
provides drought-resistant plants; and methods for engineer 
ing plants with increased water use efficiency and drought 
resistant plants. 

BACKGROUND 

Stomatal pores in the epidermis of plant leaves enable the 
control of plant water loss and the influx of CO into plants 
from the atmosphere. Carbon dioxide is taken up for pho 
tosynthetic carbon fixation and water is lost through the 
process of transpiration through the stomatal pores. Each 
stomate is made up of a specialized pair of cells named 
guard cells, which can modify the size of the stomatal pore 
by controlling guard cell turgor status. An important trait in 
agriculture, in biotechnological applications and the produc 
tion of biofuels is the water use efficiency of plants. The 
water use efficiency defines how well a plant can balance the 
loss of water through stomata with the net CO uptake into 
leaves for photosynthesis and hence its biomass accumula 
tion. Several biotic and abiotic factors influence the state of 
stomatal opening thereby optimizing the water use efficiency 
of a plant in a given condition. The concentration of CO. 
regulates stomatal movements, where high levels of CO 
will lead to stomatal closing and low levels of CO will 
induce stomatal opening. Thus CO regulates CO influx 
into plants and plant water loss on a global scale. However, 
at present no CO., sensors have been identified. Knowledge 
on the CO2 receptors that regulate CO2 responses could be 
used to manipulate the CO response so that the water use 
efficiency during plant growth could be enhanced through 
engineering. 
How plants sense the level of carbon dioxide (CO) has 

remained unknown. Knowledge of how CO is perceived by 
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2 
a plant could be used to manipulate the CO response so that 
the carbon and water use efficiency during plant growth 
could be enhanced. 

Phosphoenolpyruvate (PEP) Carboxylase (PEPC; EC 
4.1.1.31) is a key enzyme of photosynthesis in those plant 
species exhibiting the C4 or CAM pathway for CO fixation. 
The principal substrate of PEPC is the free form of PEP. 
PEPC catalyzes the conversion of PEP and bicarbonate to 
oxalacetic acid inorganic phosphate (Pi). This reaction is the 
first step of a metabolic route known as the C4 dicarboxylic 
acid pathway, which minimizes losses of energy produced 
by photorespiration. PEPC is present in plants, algae, cya 
nobacteria, and bacteria. 

Carbon fixation, or the conversion of CO to reduced 
forms amenable to cellular biochemistry, occurs by several 
metabolic pathways in diverse organisms. The most familiar 
of these is the Calvin Cycle (or “Calvin-Benson' cycle), 
which is present in cyanobacteria and their plastid deriva 
tives, such as chloroplasts, and proteobacteria. The Calvin 
cycle utilizes the enzyme “rubisco”, or “ribulose-1,5-bis 
phosphate carboxylase/oxygenase’. Rubisco exists in at 
least two forms: form I rubisco is found in proteobacteria, 
cyanobacteria, and plastids, e.g., as an octo-dimer composed 
of eight large subunits, and eight Small subunits; form II 
rubisco is a dimeric form of the enzyme, e.g., as found in 
proteobacteria. Rubisco contains two competing enzymatic 
activities: an oxygenase and a carboxylase activity. The 
oxygenation reaction catalyzed by Rubisco is a “wasteful' 
process since it competes with and significantly reduces the 
net amount of carbon fixed. The Rubisco enzyme species 
encoded in various photosynthetic organisms have been 
selected by natural evolution to provide higher plants with a 
Rubisco enzyme that is substantially more efficient at car 
boxylation in the presence of atmospheric oxygen. 

SUMMARY 

The invention provides compositions and methods for 
manipulating the exchange of water and/or carbon dioxide 
(CO) through plant stomata by controlling CO sensor 
genes, including the novel CO sensor genes of this inven 
tion, designated “COSen genes”. The invention's methods, 
by controlling how CO is perceived by a plant, can be used 
to manipulate the CO response so that the carbon and water 
are used more (or less) efficiently during plant growth. Thus, 
the methods of the invention can be used to modify net CO 
uptake and water use efficiency in plants by manipulating the 
expression and/or activity of CO sensor genes, including 
any of the novel CO sensor genes of this invention, or any 
combination thereof. These findings demonstrate a poten 
tially vital role of CO sensor genes, including any of the 
novel CO sensor genes of this invention, in the sensing 
and/or signaling of CO perception in plants. 
The invention provides compositions and methods for 

manipulating the exchange of water and CO through sto 
mata by controlling CO sensor genes, including any of the 
novel CO sensor genes of this invention, including upregu 
lating or downregulating expression, which can be accom 
plished by upregulating or downregulating or inhibiting CO 
sensor genes and/or transcripts, including the sequence of 
this invention. The invention provides compositions and 
methods to modify net CO uptake and water use efficiency 
in plants. The invention provides plants, e.g., transgenic 
plants, that show improved growth under limiting water 
conditions; thus, the invention provides drought-tolerant 
plants (e.g., crops). The invention provides methods for 
engineering enhanced water use efficiency in plants or 
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drought-tolerance in plants (e.g., crops). The invention pro 
vides compositions and methods for manipulating biomass 
accumulation and/or biofuel production in a plant by con 
trolling any one, two or three newly discovered CO. Sensor 
genes and/or transcripts of this invention. 
The invention provides compositions and methods for 

manipulating the opening or closing of stomatal pores on 
guard cells in the epidermis of plant leaves, thereby enabling 
the control of plant water loss and the influx of CO into 
plants from the atmosphere. The invention provides com 
positions and methods for manipulating carbon dioxide 
uptake, photosynthetic carbon fixation and/or water loss 
through the process of transpiration through the stomatal 
pores; each stomate is made up of a specialized pair of cells 
named guard cells, which can modify the size of the stomatal 
pore by controlling guard cell turgor status. The invention 
provides compositions and methods for manipulating guard 
cell turgor Status. 
The invention provides compositions and methods for 

enhancing the production of biomass for biofuel production 
by manipulating water use efficiency of plants; the water use 
efficiency defines how well a plant can balance the loss of 
water through stomata with the net CO, uptake for photo 
synthesis, and hence its biomass accumulation. 
The inventors have identified a double mutant and a triple 

mutant in Arabidopsis thaliana that lacks the full-length 
expression of homologous genes that are highly expressed in 
wild-type guard cells, according to cell-specific microarray 
analyses. The CO2Sen double mutant and triple mutant 
show an impaired stomatal response as measured by real 
time gas exchange analysis to changes in carbon dioxide 
concentration (COI); both with regards to changes from 
ambient 365 ppm CO, to elevated 800 ppm CO, and from 
800 ppm CO to reduced 100 ppm CO. The COSens 
encoded proteins are known to bind CO. These findings 
demonstrate a role of the nucleic acids of this invention, the 
so-called “CO2Sen genes', in the sensing/signaling of CO 
perception. The invention provides means to control how 
plants can sense CO, thus also providing means to produce 
crops with altered carbon and water use efficiency. Thus, the 
invention provides compositions (e.g., transgenic plants) 
and methods to ameliorate the effects of rising atmospheric 
ICO on different plant species. 
The invention provides compositions and methods for 

manipulating how CO is sensed in plants, and compositions 
and methods for controlling the production of crops with 
altered water use efficiency (WUE). Many plants exhibit a 
weak stomatal movement response to different CO concen 
trations. Data from the double mutant of this invention (of 
the CA1/CA4 genes) shows an impaired stomatal response 
to altered CO, and over-expression of either gene in guard 
cells dramatically increases the water use efficiency of 
plants. These data demonstrate that over-expression of all or 
one of these genes (e.g., COSens of the invention) evokes 
an improved CO2 response. Thus, overexpression of the 
nucleic acids of this invention (resulting in overexpression 
of COSens-encoded proteins) enhances WUE in light of the 
continuously rising atmospheric CO concentrations. Trans 
genic or manipulated plants (e.g., crops) of this invention 
would close their stomata to a greater extent than wild-type 
plants, thereby preserving their water usage; the invention 
provides methods for overexpressing COSens-encoded 
proteins by, e.g., inserting or infecting plants with COSens 
encoding nucleic acids, e.g., as plasmids, viruses, and the 
like. As a consequence, plants (e.g., crops) of this invention 
will have higher water use efficiency and will have increased 
drought resistance. 
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4 
The invention also provides compositions and methods 

for inhibiting the expression of COSens genes, transcripts 
and COSens proteins by, e.g., antisense and/or RNAi 
repression of CO sensors in guard cells. Crops can show a 
strong response to elevated atmospheric CO. Such that they 
close their stomata relatively strongly, which has several 
disadvantages for agricultural production and yields, e.g., a 
strong CO-induced stomatal closing response will limit the 
ability of these crops to fix carbon for maximal growth. The 
COSens under-expressing transgenic plants or COSens 
under-expressing plants of this invention address this issue 
by opening their stomata to a greater extent than wild-type 
plants, preventing limited yields when Sufficient water is 
available. 
The invention also provides compositions and methods 

that address the major problem when crops cannot withstand 
increased temperatures leading to “breakdown of metabo 
lism, photosynthesis and growth: elevated CO causes sto 
mata to close; and this increases leaf temperature because of 
reduced water evaporation (transpiration) from leaves. Thus, 
compositions and methods of this invention, by inhibiting 
the expression of COSens nucleic acids and/or COSens 
proteins, help crops that otherwise would be sensitive to 
elevated temperatures to cope with the increased atmo 
spheric CO concentrations, also reducing or ameliorating 
an accelerated increase in leaf temperatures. The invention 
provides compositions and methods comprising antisense 
and RNAi for repression of CO, sensors in guard cells. In 
one aspect, a guard cell promoter provides a means to reduce 
leaf temperature through enhancing transpiration in these 
crops and also to maximize crop yields. 
The compositions and methods of the invention can be 

used to manipulate how plants sense CO, thus practicing 
this invention can aid in the production of crops with altered 
and improved carbon and water use efficiency. Practicing 
this invention also improves our predictions of the effects of 
rising atmospheric CO concentrations on different plant 
species. This invention also demonstrates a vital role of the 
identified COSen genes in the sensing/signaling of CO 
perception. The compositions and methods of the invention 
can be used to manipulate plant growth, e.g., by manipu 
lating how CO is perceived in a plant, the compositions and 
methods of the invention can be used to manipulate the plant 
CO response Such that the carbon and water use efficiency 
during plant growth is enhanced. 

Also provided herein are kits comprising nucleic acids 
and/or proteins of this invention, and instructions for making 
and/or using them, and instructions for practicing the meth 
ods provided herein. 
The invention provides isolated, synthetic or recombinant 

nucleic acids (polynucleotide) comprising 
(a) a nucleic acid (polynucleotide) sequence encoding 

SEQID NO:3, SEQID NO:6 or SEQID NO:9, or functional 
fragments thereof, 

wherein the functional fragment has a COSen (CO 
sensor) protein activity, a carbonic anhydrase (carbonate 
dehydratase) activity, or a B-carbonic anhydrase activity; 

(b) a nucleic acid (polynucleotide) sequence having at 
least about 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 
78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, 99%, or more or complete sequence identity to SEQID 
NO:1, SEQID NO:2, SEQID NO:4, SEQID NO:5, SEQID 
NO:7, SEQID NO:8, SEQID NO:20, SEQID NO:21, SEQ 
ID NO:22, SEQID NO:23, SEQID NO:24, SEQID NO:25, 
SEQ ID NO:26, SEQ ID NO:28, SEQ ID NO:28, SEQ ID 
NO:29, SEQ ID NO:30, SEQ ID NO:31, SEQ ID NO:32, 
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SEQID NO:33, SEQID NO:34 and/or SEQID NO:35, over 
a region of at least about 50, 75, 100, 150, 200, 250, 300, 
350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 
950, 1000, 1050, 1100, 1150 or more residues, or over the 
full length of a protein coding sequence (transcript) or gene, 

wherein the nucleic acid encodes: 
(i) a COSen (CO sensor) protein that has a COSen 
(CO sensor) protein activity, 

(ii) a polypeptide having a carbonic anhydrase (carbonate 
dehydratase) activity, or a B-carbonic anhydrase activ 
ity; or 

(iii) a polypeptide or peptide capable of generating an 
antibody that binds specifically to a polypeptide having 
a sequence SEQ ID NO:3, SEQ ID NO:6 and/or SEQ 
ID NO:9; 

(c) a nucleic acid (polynucleotide) encoding a functional 
fragment of the protein encoded by the nucleic acid of (b). 
wherein the functional fragment has a COSen (CO sensor) 
protein activity or a carbonic anhydrase (carbonate dehy 
dratase) activity, or a 3-carbonic anhydrase activity; 

(d) a nucleic acid (polynucleotide) sequence having at 
least about 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 
78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, 99%, or more or complete sequence identity to SEQID 
NO:10 and/or SEQID NO:11, over a region of at least about 
50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 
600, 650, 700, 750, 800 or more residues, or over the full 
length of a promoter having guard-cell specific activity, or a 
transcriptional regulatory region having guard-cell specific 
activity, 

wherein the nucleic acid comprises or consists of a guard 
cell-specific promoter, or a guard cell-specific transcrip 
tional regulatory region; 

(e) the nucleic acid (polynucleotide) of (b) or (d), wherein 
the sequence identity is calculated using a sequence com 
parison algorithm consisting of a BLAST version 2.2.2 
algorithm where a filtering setting is set to blastall -p blastp 
-d “nr pataa' -F F, and all other options are set to default; 

(f) a nucleic acid (polynucleotide) sequence that hybrid 
izes under stringent conditions to a nucleic acid comprising: 

(i) SEQID NO:1, SEQID NO:2, SEQID NO:4, SEQ ID 
NO:5, SEQID NO:7, SEQ ID NO:8, SEQID NO:20, SEQ 
ID NO:21, SEQID NO:22, SEQID NO:23, SEQID NO:24, 
SEQ ID NO:25, SEQ ID NO:26, SEQ ID NO:28, SEQ ID 
NO:28, SEQ ID NO:29, SEQ ID NO:30, SEQ ID NO:31, 
SEQID NO:32, SEQID NO:33, SEQID NO:34 and/or SEQ 
ID NO:35, wherein the nucleic acid encodes 

(A) a COSen (CO sensor) protein that has a COSen 
(CO. Sensor) protein activity, or 

(B) a polypeptide having a carbonic anhydrase (carbonate 
dehydratase) activity, or a B-carbonic anhydrase activ 
ity; 

(ii) SEQ ID NO:10 and/or SEQ ID NO:11, wherein the 
nucleic acid has a guard-cell specific promoter activity, or a 
guard-cell specific transcriptional regulatory activity; 

and the stringent conditions include a wash step compris 
ing a wash in 0.2xSSC at a temperature of about 65° C. for 
about 15 minutes; 

(g) the nucleic acid of (f), wherein the nucleic acid is at 
least about 20, 30, 40, 50, 60, 75, 100, 150, 200, 300, 400, 
500, 600, 700, 800, 900, 1000 or more residues in length or 
the full length of the protein coding region or gene, or 
promoter or transcriptional regulatory region; or 

(h) a nucleic acid (polynucleotide) fully (completely) 
complementary to any of (a) to (g). 
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The invention provides antisense oligonucleotides com 

prising 
(a) a nucleic acid sequence complementary to or capable 

of hybridizing under Stringent conditions to a sequence of 
the invention, or a Subsequence thereof; or, 

(b) the antisense oligonucleotide of (a), wherein the 
antisense oligonucleotide is between about 10 to 50, about 
20 to 60, about 30 to 70, about 40 to 80, or about 60 to 100 
bases in length. 
The invention provides methods of inhibiting or decreas 

ing the translation of a COSen (CO sensor) protein 
encoding message in a cell or plant, or a plant or plant part, 
comprising administering to the cell, or a plant or plant part, 
or expressing in the cell, or a plant or plant part, an antisense 
oligonucleotide comprising (a) a nucleic acid of the inven 
tion; or, (b) a nucleic acid sequence complementary to or 
capable of hybridizing under Stringent conditions to a 
nucleic acid sequence of the invention. 
The invention provides double-stranded inhibitory RNA 

(RNAi) molecules comprising 
(a) a Subsequence of a nucleic acid sequence of the 

invention; 
(b) the double-stranded inhibitory RNA (RNAi) molecule 

of (a), wherein the double-stranded inhibitory RNA is an 
siRNA or an miRNA molecule, or 

(c) the double-stranded inhibitory RNA (RNAi) molecule 
of (a) or (b) having a length of about 15, 16, 17, 18, 19, 20, 
21, 22, 23, 24, 25 or more duplex nucleotides in length. 
The invention provides methods of inhibiting or decreas 

ing the expression of COSen (CO sensor) protein and/or 
COSen message in a cell, or a plant or plant part, compris 
ing administering to the cell, or a plant or plant part, or 
expressing in the cell, or a plant or plant part: (a) the 
double-stranded inhibitory RNA (RNAi) molecule of claim 
4; or, (b) a double-stranded inhibitory RNA (iRNA), wherein 
the RNA comprises a Subsequence of a nucleic acid 
sequence of the invention, wherein in one aspect the RNAi 
is an siRNA or an miRNA molecule. 
The invention provides an expression cassette, plasmid, 

recombinant virus, vector, cosmid or artificial chromosome 
comprising: 

(a) a nucleic acid (sequence) of the invention; 
(b) the expression cassette, plasmid, virus, Vector, cosmid 

or artificial chromosome of (a), wherein the nucleic acid of 
the invention comprises or consists of a COSen (CO 
sensor) protein coding sequence, and the protein coding 
sequence is operably linked to a promoter or a transcrip 
tional regulatory region; 

(c) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of (b), wherein the 
promoter is a guard-cell specific promoter, or a guard-cell 
specific transcriptional regulatory region; 

(d) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of (c), wherein the 
nucleic acid of the invention comprises or consists of a 
guard-cell specific promoter, or a guard-cell specific tran 
Scriptional regulatory region, and the promoter is operably 
linked to a protein coding sequence; 

(e) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of (d), wherein the 
protein coding sequence encodes a polypeptide having car 
bonic anhydrase (carbonate dehydratase) activity, or a 3-car 
bonic anhydrase activity; 

(f) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of (b), wherein the 
promoter or a transcriptional regulatory region comprises a 
constitutive promoter or a transcriptional regulatory region, 
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a tissue specific promoter or a transcriptional regulatory 
region, an inducible promoter or a transcriptional regulatory 
region, a silencing promoter, a CO sensing promoter; 

(g) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of any of (a) to (f). 
wherein the recombinant virus is a plant virus or the vector 
is a plant vector; or 

(h) the expression cassette, plasmid, recombinant virus, 
vector, cosmid or artificial chromosome of any of (a) to (g), 
wherein the promoter comprises the promoter sequence or a 
transcriptional regulatory region of SEQID NO:10 or SEQ 
ID NO:11, or functional (transcriptional regulatory) subse 
quences thereof. 
The invention provides a transduced or transformed cell 

comprising 
(a) the expression cassette, plasmid, recombinant virus, 

vector, cosmid or artificial chromosome of the invention, or 
a nucleic acid (sequence) of the invention; 

(b) the transduced or transformed cell of (a), wherein the 
cell is a bacterial cell, a mammalian cell, a fungal cell, a 
yeast cell, an insect cell or a plant cell; 

(c) the transduced or transformed cell of (a), wherein the 
cell is a plant guard cell. 
The invention provides a plant, plant cell, plant organ, 

plant leaf plant fruit or seed comprising 
(a) the expression cassette, plasmid, recombinant virus, 

vector, cosmid or artificial chromosome of the invention, or 
a nucleic acid (sequence) of the invention; 

(b) the plant, plant cell, plant organ, plant leaf, plant fruit 
or seed of (a), wherein the plant is, or the plant cell, plant 
organ, plant leaf plant fruit or seed is derived from: (i) a 
dicotyledonous or monocotyledonous plant; (ii) wheat, oat, 
rye, barley, rice, sorghum, maize (corn), tobacco, a legume, 
a lupins, potato, Sugar beet, pea, bean, Soybean (soy), a 
cruciferous plant, a cauliflower, rape (or rapa or canola), 
cane (Sugarcane), flax, cotton, palm, Sugar beet, peanut, a 
tree, a poplar, a lupin, a silk cotton tree, desert willow, 
creosote bush, winterfat, balsa, ramie, kenaf, hemp, roselle, 
jute, or sisal abaca; or, (c) a specie from the genera Anac 
ardium, Arachis, Asparagus, Atropa, Avena, Brassica, Cit 
rus, Citrullus, Capsicum, Carthamus, Cocos, Coffea, Cucu 
mis, Cucurbita, Daucus, Elaeis, Fragaria, Glycine, 
Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscya 
mus, Lactuca, Linum, Lolium, Lupinus, Lycopersicon, 
Malus, Manihot, Majorana, Medicago, Nicotiana, Olea, 
Oryza, Panieum, Pannisetum, Persea, Phaseolus, Pistachia, 
Pisum, Pyrus, Prunus, Raphanus, Ricinus, Secale, Senecio, 
Sinapis, Solanum, Sorghum, Theobromus, Trigonella, Triti 
cum, Vicia, Vitis, Vigna or Zea. 
The invention provides a transgenic plant, plant cell, plant 

part, plant leaf plant organ, plant fruit or seed comprising 
(a) a heterologous nucleic acid, wherein the heterologous 

nucleic acid comprises a nucleic acid (sequence) of the 
invention, or the expression cassette, plasmid, virus, vector, 
cosmid or artificial chromosome of the invention, 

(b) the transgenic plant, plant cell, plant part, plant leaf, 
plant organ, plant fruit or seed of (a), wherein the plant cell 
is a plant guard cell; or 

(c) the transgenic plant, plant cell, plant part, plant leaf. 
plant organ, plant fruit or seed of (a), wherein the plant is, 
or the plant cell, plant organ, plant fruit or seed is derived 
from: (i) a dicotyledonous or monocotyledonous plant; (ii) 
wheat, oat, rye, barley, rice, Sorghum, maize (corn), tobacco, 
a legume, a lupins, potato, Sugar beet, pea, bean, Soybean 
(soy), a cruciferous plant, a cauliflower, rape (or rapa or 
canola), cane (Sugarcane), flax, cotton, palm, Sugar beet, 
peanut, a tree, a poplar, a lupin, a silk cotton tree, desert 
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8 
willow, creosote bush, winterfat, balsa, ramie, kenaf, hemp, 
roselle, jute, or sisal abaca; or, (c) a specie from the genera 
Anacardium, Arachis, Asparagus, Atropa, Avena, Brassica, 
Citrus, Citrullus, Capsicum, Carthamus, Cocos, Coffea, 
Cucumis, Cucurbita, Daucus, Elaeis, Fragaria, Glycine, 
Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscya 
mus, Lactuca, Linum, Lolium, Lupinus, Lycopersicon, 
Malus, Manihot, Majorana, Medicago, Nicotiana, Olea, 
Oryza, Panieum, Pannisetum, Persea, Phaseolus, Pistachia, 
Pisum, Pyrus, Prunus, Raphanus, Ricinus, Secale, Senecio, 
Sinapis, Solanum, Sorghum, Theobromus, Trigonella, Triti 
cum, Vicia, Vitis, Vigna or Zea. 
The invention provides isolated, synthetic or recombinant 

polypeptides comprising: 
(a) an amino acid sequence comprising the sequence of 

SEQID NO:3, SEQID NO:6 or SEQID NO:9, or functional 
fragments thereof, 

wherein the functional fragment has a COSen (CO 
sensor) protein activity or a carbonic anhydrase (carbonate 
dehydratase) activity, or a B-carbonic anhydrase activity; 

(b) an amino acid sequence having at least about 70%, 
71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 
81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more 
or complete (amino acid) sequence identity to SEQ ID 
NO:3, SEQID NO:6 and/or SEQID NO:9, over a region of 
at least about 20, 30, 40, 50, 75, 100, 150, 200, 250, 300, 
350, 400, 450, 500, 550, 600, 650, 700 or more residues, or 
over the full length of the polypeptide, 

wherein the polypeptide has a COSen (CO sensor) 
protein activity, or a carbonic anhydrase (carbonate dehy 
dratase) activity, or a 3-carbonic anhydrase activity, or the 
polypeptide is capable of generating an antibody that binds 
specifically to a polypeptide having a sequence SEQ ID 
NO:3, SEQID NO:6 and/or SEQ ID NO:9; 

(c) a functional fragment of the polypeptide of (b). 
wherein the functional fragment has a COSen (CO sensor) 
protein activity or a carbonic anhydrase (carbonate dehy 
dratase) activity, or a 3-carbonic anhydrase activity; 

(d) the polypeptide of (b), wherein the sequence identity 
is calculated using a sequence comparison algorithm con 
sisting of a BLAST version 2.2.2 algorithm where a filtering 
setting is set to blastall -p blastp -d “nr pataa' -FF, and all 
other options are set to default; 

(e) the polypeptide of any of (a) to (d) having at least one 
conservative amino acid Substitution and retaining its 
COSen (CO sensor) protein activity or a carbonic anhy 
drase (carbonate dehydratase) activity, or a B-carbonic anhy 
drase activity; 

(f) the polypeptide of (e), wherein the at least one con 
servative amino acid substitution comprises Substituting an 
amino acid with another amino acid of like characteristics; 
or, a conservative Substitution comprises: replacement of an 
aliphatic amino acid with another aliphatic amino acid; 
replacement of a serine with a threonine or vice versa; 
replacement of an acidic residue with another acidic residue; 
replacement of a residue bearing an amide group with 
another residue bearing an amide group; exchange of a basic 
residue with another basic residue, or replacement of an 
aromatic residue with another aromatic residue; 

(g) the polypeptide of any of (a) to (f), further comprising 
a heterologous amino acid sequence. 
The invention provides a transgenic plant, plant cell, plant 

part, plant leaf plant organ, plant fruit or seed comprising 
(a) a heterologous or synthetic polypeptide comprising the 

polypeptide of the invention: 
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(b) the transgenic plant, plant cell, plant part, plant leaf, 
plant organ, plant fruit or seed of (a), wherein the plant cell 
is a plant guard cell; or 

(c) the transgenic plant, plant cell, plant part, plant leaf. 
plant organ, plant fruit or seed of (a), wherein the plant is, 
or the plant cell, plant organ, plant fruit or seed is isolated 
and/or derived from: (i) a dicotyledonous or monocotyle 
donous plant; (ii) wheat, oat, rye, barley, rice, sorghum, 
maize (corn), tobacco, a legume, a lupins, potato, Sugar beet, 
pea, bean, Soybean (soy), a cruciferous plant, a cauliflower, 
rape (or rapa or canola), cane (Sugarcane), flax, cotton, 
palm, Sugar beet, peanut, a tree, a poplar, a lupin, a silk 
cotton tree, desert willow, creosote bush, winterfat, balsa, 
ramie, kenaf, hemp, roselle, jute, or sisal abaca, or, (c) a 
specie from the genera Anacardium, Arachis, Asparagus, 
Atropa, Avena, Brassica, Citrus, Citrullus, Capsicum, 
Carthamus, Cocos, Coffea, Cucumis, Cucurbita, Daucus, 
Elaeis, Fragaria, Glycine, Gossypium, Helianthus, Hetero 
callis, Hordeum, Hyoscyamus, Lactuca, Linum, Lolium, 
Lupinus, Lycopersicon, Malus, Manihot, Majorana, Med 
icago, Nicotiana, Olea, Oryza, Panieum, Pannisetum, Per 
sea, Phaseolus, Pistachia, Pisum, Pyrus, Prunus, Raphanus, 
Ricinus, Secale, Senecio, Sinapis, Solanum, Sorghum, Theo 
bromus, Trigonella, Triticum, Vicia, Vitis, Vigna or Zea. 
The invention provides a protein preparation comprising 

the polypeptide of the invention, wherein the protein prepa 
ration comprises a liquid, a solid or a gel. 
The invention provides an immobilized protein or an 

immobilized polynucleotide, wherein the protein comprises 
the polypeptide of the invention, and the polynucleotide 
comprises the nucleic acid of the invention, wherein in one 
aspect the protein or polynucleotide is immobilized on a 
wood chip, a paper, a cell, a metal, a resin, a polymer, a 
ceramic, a glass, a microelectrode, a graphitic particle, a 
bead, a gel, a plate, an array or a capillary tube. 

The invention provides an isolated, synthetic or recom 
binant antibody that specifically binds to the polypeptide of 
the invention, wherein in one aspect the antibody is a 
monoclonal or a polyclonal antibody, or is a single chained 
antibody. 
The invention provides a hybridoma comprising an anti 

body of the invention. 
The invention provides an array comprising immobilized 

protein or an immobilized polynucleotide of the invention; 
or the antibody of the invention; or, a combination thereof. 
The invention provides a method of producing a recom 

binant polypeptide comprising the steps of: (a) providing a 
nucleic acid operably linked to a promoter, wherein the 
nucleic acid comprises a nucleic acid sequence of the 
invention; and (b) expressing the nucleic acid of step (a) 
under conditions that allow expression of the polypeptide, 
thereby producing a recombinant polypeptide, and in one 
aspect the method further comprises transforming a host cell 
with the nucleic acid of step (a) followed by expressing the 
nucleic acid of step (a), thereby producing a recombinant 
polypeptide in a transformed cell. 
The invention provides a method for enzymatically cata 

lyzing the conversion of carbon dioxide to bicarbonate and 
protons comprising contacting the polypeptide of the inven 
tion, or a polypeptide encoded by the nucleic acid of the 
invention, with a carbon dioxide to under conditions allow 
ing the enzymatic catalysis of the conversion of carbon 
dioxide to bicarbonate and protons. 
The invention provides methods for down-regulating or 

decreasing carbon dioxide (CO) and/or water exchange in 
a guard cell of a plant, plant cell, plant leaf plant organ or 
plant part comprising 
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(A) (a) providing: 
(i) a COSen (CO sensor) protein-expressing nucleic 

acid and/or a COSen gene or transcript (message); 
(ii) the COSen nucleic acid or gene of (i), wherein the 

protein-expressing nucleic acid or the COSen gene or 
transcript (message) comprises a sequence of the inven 
tion, and/or the protein-expressing nucleic acid or 
COSen protein comprises an amino acid sequence of 
the invention; 

(iii) a polypeptide having a carbonic anhydrase (CA) 
activity, or a B-carbonic anhydrase activity, or a nucleic 
acid encoding the CA polypeptide; 

(iv) a nucleic acid encoding a CA polypeptide, wherein 
the nucleic acid comprises SEQ ID NO:1, SEQ ID 
NO:2, SEQ ID NO:4, SEQ ID NO:5, SEQ ID NO:7, 
SEQ ID NO:8, SEQ ID NO:20, SEQ ID NO:21, SEQ 
ID NO:22, SEQ ID NO:23, SEQ ID NO:24, SEQ ID 
NO:25, SEQ ID NO:26, SEQ ID NO:28, SEQ ID 
NO:28, SEQ ID NO:29, SEQ ID NO:30, SEQ ID 
NO:31, SEQ ID NO:32, SEQ ID NO:33, SEQ ID 
NO:34 and/or SEQ ID NO:35; 

(V) an antisense nucleic acid or a nucleic acid inhibitory 
to the expression of a PEPC polypeptide-encoding 
nucleic acid; and/or 

(vi) the method of (v), wherein the antisense or inhibitory 
nucleic acid target a Phosphoenolpyruvate (PEP) Car 
boxylase (or PEP carboxylase, or PEPC) polypeptide 
encoding nucleic acid comprising SEQID NO:12, SEQ 
ID NO:13, SEQID NO:14 and/or SEQID NO:15; and 

(b)(i) expressing, or overexpressing, the nucleic acid or 
gene of (a), or a COSen (CO sensor) protein-expressing 
nucleic acid and/or a COSen gene or transcript (message), 
and/or a carbonic anhydrase or a 3-carbonic anhydrase or 
carbonic anhydrase-expressing nucleic acid, in the guard 
cell, or (ii) expressing the antisense nucleic acid or nucleic 
acid inhibitory to the expression of a PEPC polypeptide 
encoding nucleic acid, in the guard cell, or (iii) contacting 
the guard cell with the polypeptide having carbonic anhy 
drase activity, 

thereby up-regulating or increasing carbon dioxide (CO) 
and/or water exchange in a guard cell; 

(B) the method of (A), wherein the plant is a transgenic 
plant of the invention, or a plant transduced, transformed or 
infected with the expression cassette, plasmid, virus or 
vector of the invention, or the plant cell is the transduced cell 
of the invention; 

(C) the method of (A) or (B), wherein the plant is 
characterized by controlled CO exchange under ambient 
365 ppm CO., elevated ppm CO or reduced ppm CO, or 
the plant is characterized by controlled water exchange 
under ambient 365 ppm CO., elevated ppm CO or reduced 
ppm CO; or 

(D) the method of any of (A) to (C), wherein the antisense 
nucleic acid or nucleic acid inhibitory to the expression of a 
PEPC polypeptide-encoding nucleic acid comprises miRNA 
or siRNA, or an antisense oligonucleotide. 
The invention provides methods for up-regulating or 

increasing carbon dioxide (CO) and/or water exchange in a 
guard cell of a plant, plant cell, plant leaf plant organ or 
plant part comprising 

(A) (a) providing: 
(i) a nucleic acid antisense to or otherwise inhibitory to 

the expression of a COSen gene or transcript (mes 
Sage), wherein the COSen gene or transcript (mes 
Sage) comprises a sequence of the invention, and/or a 
sequence encoding the COSen protein of the inven 
tion; 
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(ii) a nucleic acid antisense to or otherwise inhibitory to 
a nucleic acid encoding a plant carbonic anhydrase 
(CA), or a plant B-carbonic anhydrase; 

(iii) a Phosphoenolpyruvate (PEP) Carboxylase (or PEP 
carboxylase, or PEPC) protein-expressing nucleic acid 
and/or a PEPC gene or transcript (message); and/or 

(iv) a Phosphoenolpyruvate (PEP) Carboxylase (or PEP 
carboxylase, or PEPC) polypeptide; and 

(b)(i) expressing the antisense or inhibitory nucleic acid 
in the guard cell, or (ii) expressing the PEPC) protein 
expressing nucleic acid and/or a PEPC gene or transcript 
(message) in the guard cell, or (iii) contacting the guard cell 
with the polypeptide having PEPC activity, 

thereby up-regulating or increasing carbon dioxide (CO) 
and/or water exchange in a guard cell; 

(B) the method of (A), wherein the plant is a transgenic 
plant of the invention, or a plant transduced, transformed or 
infected with the expression cassette, plasmid, virus or 
vector of the invention, or the plant cell is the transduced cell 
of the invention; 

(C) the method of (A) or (B), wherein the plant is 
characterized by controlled CO exchange under ambient 
365 ppm CO., elevated ppm CO or reduced ppm CO, or 
the plant is characterized by controlled water exchange 
under ambient 365 ppm CO., elevated ppm CO or reduced 
ppm CO; or 

(D) the method of (A), (B) or (C), wherein the nucleic 
acid antisense to or otherwise inhibitory to the expression of 
the COSen gene or transcript (message), or antisense to or 
otherwise inhibitory to the expression of the carbonic anhy 
drase (CA) or B-carbonic anhydrase, comprises the antisense 
oligonucleotide of claim 2, or the double-stranded inhibitory 
RNA (RNAi) molecule of claim 4, or an miRNA or an 
siRNA. 
The invention provides methods for regulating water 

exchange in a cell of a plant, plant cell, plant leaf, plant 
organ or plant part comprising: 

(A) over-expressing or under-expressing in the plant, 
plant cell, plant leaf plant organ or plant part: 

(i) a COSen (CO, sensor) protein and/or a COSen gene 
or transcript (message), wherein the COSen gene or 
transcript (message) comprises a sequence of the inven 
tion, and/or the COSen protein comprises an amino 
acid sequence of the invention, or 

(ii) a polypeptide having a carbonic anhydrase (CA) 
activity, or a B-carbonic anhydrase activity, or a nucleic 
acid encoding the carbonic anhydrase polypeptide; or 

(iii) a polypeptide having a Phosphoenolpyruvate (PEP) 
Carboxylase (or PEP carboxylase, or PEPC) activity, or 
a nucleic acid encoding the PEPC polypeptide; or 

(iv) a polypeptide having a ribulose-1,5-bisphosphate 
carboxylase/oxygenase, or “Rubisco' activity, or a 
nucleic acid encoding the Rubisco polypeptide, 

thereby regulating water exchange (down-regulating or 
decreasing water exchange by overexpression of the 
COSen or CA protein, or up-regulating or increasing water 
exchange by under-expression of the COSen or CA protein) 
in the plant, plant cell, plant leaf plant organ or plant part; 

(B) the method of (A), wherein the plant is a transgenic 
plant of the invention, or a plant transduced, trans 
formed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell 
is the transduced cell of the invention; or 

(C) the method of (A) or (B), wherein the plant is 
characterized by controlled CO exchange under ambi 
ent 365 ppm CO., elevated ppm CO or reduced ppm 
CO, or the plant is characterized by controlled water 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
exchange under ambient 365 ppm CO, elevated ppm 
CO, or reduced ppm CO; or 

(D) the method of any of (A) to (C), wherein the over 
expression or increased expression, or under-express 
ing or inhibition, is in a plant guard cell; or 

(E) the method of any of (A) to (D), wherein overex 
pressing a COSen (CO sensor) or carbonic anhydrase 
protein and/or a COSen or carbonic anhydrase gene or 
transcript (message) decreases water exchange, and 
under-expressing or inhibiting expression of a COSen 
(CO sensor) or carbonic anhydrase protein and/or a 
COSen or carbonic anhydrase gene or transcript (mes 
Sage) increases water exchange; or 

(F) the method of any of (A) to (D), wherein under 
expressing or inhibiting expression of a PEPC protein 
and/or a PEPC gene or transcript (message) decreases 
water exchange, or overexpressing a PEPC protein 
and/or a PEPC gene or transcript (message) increases 
water exchange. 

The invention provides methods for regulating water 
uptake or water loss in a plant, plant cell, plant leaf plant 
organ or plant part comprising over-expressing or under 
expressing in the plant, plant cell, plant leaf plant organ or 
plant part: 

(A) (i) a COSen (CO sensor) protein and/or a COSen 
gene or transcript (message), wherein the COSen gene 
or transcript (message) comprises a sequence of the 
invention, and/or the COSen protein comprises an 
amino acid sequence of the invention, or 

(ii) a polypeptide having a carbonic anhydrase (CA) 
activity, or a B-carbonic anhydrase activity, or a nucleic 
acid encoding the polypeptide; or 

(iii) a polypeptide having a Phosphoenolpyruvate (PEP) 
Carboxylase (or PEP carboxylase, or PEPC) activity, or 
a nucleic acid encoding the PEPC polypeptide; or 

(iv) a polypeptide having a ribulose-1,5-bisphosphate 
carboxylase/oxygenase, or “Rubisco' activity, or a 
nucleic acid encoding the Rubisco polypeptide, 

thereby regulating water uptake or water loss (down 
regulating water uptake, or causing water conservation, by 
overexpression of the COSen or CA protein, or up-regu 
lating water exchange or increasing water loss by under 
expression of the COSen or CA protein) in the plant, plant 
cell, plant leaf plant organ or plant part; 

(B) the method of (A), wherein the plant is a transgenic 
plant of the invention, or a plant transduced, trans 
formed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell 
is the transduced cell of the invention; 

(C) the method of (A) or (B), wherein the plant is 
characterized by controlled CO exchange under ambi 
ent 365 ppm CO., elevated ppm CO or reduced ppm 
CO, or the plant is characterized by controlled water 
exchange under ambient 365 ppm CO, elevated ppm 
CO, or reduced ppm CO; or 

(D) the method of any of (A) to (C), wherein the over 
expression or increased expression is in a plant guard 
cell; or 

(E) the method of any of (A) to (D), wherein overex 
pressing a COSen (CO sensor) or carbonic anhydrase 
protein and/or a COSen or carbonic anhydrase gene or 
transcript (message) decreases water loss, and under 
expressing or inhibiting expression of a COSen (CO 
sensor) or carbonic anhydrase protein and/or a COSen 
or carbonic anhydrase gene or transcript (message) 
increases water loss; or 
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(F) the method of any of (A) to (D), wherein under 
expressing or inhibiting expression of a PEPC protein 
and/or a PEPC gene or transcript (message) decreases 
water loss, or overexpressing a PEPC protein and/or a 
PEPC gene or transcript (message) increases water 
loss. 

The invention provides methods for making an enhanced 
water use efficiency (WUE), or drought-resistant, plant 
comprising: 

(A) over-expressing or increasing expression of 
(i) a COSen (CO sensor) protein and/or a COSen gene 

or transcript (message), wherein the COSen gene or 
transcript (message) comprises a sequence of the inven 
tion, and/or the COSen protein comprises an amino 
acid sequence of the invention, or 

(ii) a polypeptide having a carbonic anhydrase (CA) 
activity, or a B-carbonic anhydrase activity, or a nucleic 
acid encoding the polypeptide; or 

(iii) a polypeptide having a Phosphoenolpyruvate (PEP) 
Carboxylase (or PEP carboxylase, or PEPC) activity, or 
a nucleic acid encoding the PEPC polypeptide; or 

(iv) a polypeptide having a ribulose-1,5-bisphosphate 
carboxylase/oxygenase, or “Rubisco' activity, or a 
nucleic acid encoding the Rubisco polypeptide, 

thereby making an enhanced water use efficiency (WUE), 
or drought-resistant, plant; 

(B) the method of (A), wherein the plant is a transgenic 
plant of the invention, or a plant transduced, trans 
formed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell 
is the transduced cell of the invention; or 

(C) the method of (A) or (B), wherein the overexpression 
or increased expression is in a plant guard cell; or 

(D) the method of any of (A) to (C), wherein overex 
pressing a COSen (CO sensor) or carbonic anhydrase 
protein and/or a COSen or carbonic anhydrase gene or 
transcript (message) enhances water use efficiency 
(WUE), or enhances drought-resistance, and under 
expressing or inhibiting expression of a COSen (CO 
sensor) or carbonic anhydrase protein and/or a COSen 
or carbonic anhydrase gene or transcript (message) 
increases water loss or decreases WUE; or 

(E) the method of any of (A) to (C), wherein under 
expressing or inhibiting expression of a PEPC protein 
and/or a PEPC gene or transcript (message) enhances 
water use efficiency (WUE), or enhances drought 
resistance, or overexpressing a PEPC protein and/or a 
PEPC gene or transcript (message) increases water loss 
or decreases WUE. 

The invention provides a plant, plant part, plant organ, 
leaf or seed: (a) made by a process comprising the method 
of the invention; or (b) made by a process comprising the 
method of the invention, or modified by the method of the 
invention, wherein the plant is isolated and/or derived from: 
(i) a dicotyledonous or monocotyledonous plant; (ii) wheat, 
oat, rye, barley, rice, Sorghum, maize (corn), tobacco, a 
legume, a lupins, potato, Sugar beet, pea, bean, Soybean 
(soy), a cruciferous plant, a cauliflower, rape (or rapa or 
canola), cane (Sugarcane), flax, cotton, palm, Sugar beet, 
peanut, a tree, a poplar, a lupin, a silk cotton tree, desert 
willow, creosote bush, winterfat, balsa, ramie, kenaf, hemp, 
roselle, jute, or sisal abaca; or, (c) a specie from the genera 
Anacardium, Arachis, Asparagus, Atropa, Avena, Brassica, 
Citrus, Citrullus, Capsicum, Carthamus, Cocos, Coffea, 
Cucumis, Cucurbita, Daucus, Elaeis, Fragaria, Glycine, 
Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscya 
mus, Lactuca, Linum, Lolium, Lupinus, Lycopersicon, 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
Malus, Manihot, Majorana, Medicago, Nicotiana, Olea, 
Oryza, Panieum, Pannisetum, Persea, Phaseolus, Pistachia, 
Pisum, Pyrus, Prunus, Raphanus, Ricinus, Secale, Senecio, 
Sinapis, Solanum, Sorghum, Theobromus, Trigonella, Triti 
cum, Vicia, Vitis, Vigna or Zea. 
The invention provides methods for making a heat-resis 

tant plant comprising under-expressing a COSen protein 
and/or a COSen gene or transcript (message), or a carbonic 
anhydrase (CA), in a cell or cells of a plant, the method 
comprising: 

(A) (a) providing: 
(i) a nucleic acid antisense to or otherwise inhibitory to 

the expression of a COSen gene or transcript (mes 
Sage), wherein the COSen gene or transcript (mes 
Sage) comprises a sequence of the invention, and/or a 
sequence encoding the COSen protein of the inven 
tion; 

(ii) a nucleic acid antisense to or otherwise inhibitory to 
a nucleic acid encoding a plant carbonic anhydrase 
(CA), or a plant B-carbonic anhydrase; and/or 

(iii) a nucleic acid encoding a Phosphoenolpyruvate 
(PEP) Carboxylase (or PEP carboxylase, or PEPC), and 

(b) expressing the COSen or CA antisense or inhibitory 
nucleic acid in the guard cell, and/or expressing the PEPC 
encoding nucleic acid, 

thereby making a heat-resistant plant by up-regulating or 
increasing carbon dioxide (CO) and/or water exchange in 
the plant cell or cells; 

(B) the method of (A), wherein the cell is a plant guard 
cell; 

(C) the method of (A) or (B), wherein the plant is a 
transgenic plant of the invention, or a plant transduced, 
transformed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell is the 
transduced cell of the invention; 

(D) the method of any of (A) to (C), wherein the plant is 
characterized by controlled CO exchange under ambient 
365 ppm CO., elevated ppm CO or reduced ppm CO, or 
the plant is characterized by controlled water exchange 
under ambient 365 ppm CO, elevated ppm CO or reduced 
ppm CO; or 

(E) the method of any of (A) to (D), wherein the nucleic 
acid antisense to or otherwise inhibitory to the expression of 
the COSen gene or transcript (message), or antisense to or 
otherwise inhibitory to the expression of the carbonic anhy 
drase (CA) or B-carbonic anhydrase, comprises the antisense 
oligonucleotide of claim 2, or the double-stranded inhibitory 
RNA (RNAi) molecule of claim 4, or an miRNA or an 
siRNA. 
The invention provides a plant, plant part, plant organ, 

leaf or seed: (a) made by a process comprising the method 
of the invention; or (b) made by a process comprising the 
method of the invention, or modified by the method of the 
invention, wherein the plant is isolated and/or derived from: 
(i) a dicotyledonous or monocotyledonous plant; (ii) wheat, 
oat, rye, barley, rice, sorghum, maize (corn), tobacco, a 
legume, a lupins, potato, Sugar beet, pea, bean, soybean 
(soy), a cruciferous plant, a cauliflower, rape (or rapa or 
canola), cane (Sugarcane), flax, cotton, palm, Sugar beet, 
peanut, a tree, a poplar, a lupin, a silk cotton tree, desert 
willow, creosote bush, winterfat, balsa, ramie, kenaf, hemp, 
roselle, jute, or sisal abaca; or, (c) a specie from the genera 
Anacardium, Arachis, Asparagus, Atropa, Avena, Brassica, 
Citrus, Citrullus, Capsicum, Carthamus, Cocos, Coffea, 
Cucumis, Cucurbita, Daucus, Elaeis, Fragaria, Glycine, 
Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscya 
mus, Lactuca, Linum, Lolium, Lupinus, Lycopersicon, 
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Malus, Manihot, Majorana, Medicago, Nicotiana, Olea, 
Oryza, Panieum, Pannisetum, Persea, Phaseolus, Pistachia, 
Pisum, Pyrus, Prunus, Raphanus, Ricinus, Secale, Senecio, 
Sinapis, Solanum, Sorghum, Theobromus, Trigonella, Triti 
cum, Vicia, Vitis, Vigna or Zea. 
The invention provides methods for opening a stomatal 

pore in a plant, plant part, a plant organ, a plant leaf, or a 
plant cell, comprising under-expressing or inhibiting expres 
sion of a COSen protein and/or a COSen gene or transcript 
(message), or a carbonic anhydrase (CA), in a cell or cells 
of the plant, plant part, plant organ, plant leaf or plant cell 
the method comprising: 

(A) (a) providing: 
(i) a nucleic acid antisense to or otherwise inhibitory to 

the expression of a COSen gene or transcript (mes 
Sage), wherein the COSen gene or transcript (mes 
Sage) comprises a sequence of the invention, and/or a 
sequence encoding the COSen protein of the inven 
tion; 

(ii) a nucleic acid antisense to or otherwise inhibitory to 
a nucleic acid encoding a plant carbonic anhydrase 
(CA), or a plant B-carbonic anhydrase; and/or 

(iii) a nucleic acid encoding a Phosphoenolpyruvate 
(PEP) Carboxylase (or PEP carboxylase, or PEPC); and 

(b) expressing the COSen and/or CA antisense or inhibi 
tory nucleic acid in the cell or cells of the plant, plant part, 
plant organ, plant leaf or plant cell, or expressing the 
PEPC-encoding nucleic acid in the plant, plant part, plant 
organ, plant leaf or plant cell, 

thereby causing under-expression and/or inhibition of 
expression of the COSen protein and/or the COSen gene 
or transcript (message), and/or the carbonic anhydrase (CA), 
and/or expressing the PEPC, and causing the stomatal pore 
to open; 

(B) the method of (A), wherein the cell is a plant guard 
cell; 

(C) the method of (A) or (B), wherein the plant is a 
transgenic plant of the invention, or a plant transduced, 
transformed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell is the 
transduced cell of the invention; 

(D) the method of any of (A) to (C), wherein the plant is 
characterized by controlled CO exchange under ambient 
365 ppm CO., elevated ppm CO or reduced ppm CO, or 
the plant is characterized by controlled water exchange 
under ambient 365 ppm CO, elevated ppm CO or reduced 
ppm CO; or 

(E) the method of any of (A) to (D), wherein the nucleic 
acid antisense to or otherwise inhibitory to the expression of 
the COSen gene or transcript (message), or antisense to or 
otherwise inhibitory to the expression of the carbonic anhy 
drase (CA) or B-carbonic anhydrase, comprises the antisense 
oligonucleotide of claim 2, or the double-stranded inhibitory 
RNA (RNAi) molecule of claim 4, or an miRNA or an 
siRNA. 
The invention provides methods for closing a stomatal 

pore on a guard cell in the epidermis of a plant, a plant leaf. 
plant organ, or a plant cell, comprising over-expressing a 
COSen protein and/or a COSen gene or transcript (mes 
sage) in a cell or cells of the plant, comprising: 

(A) (a) over-expressing or increasing expression of 
(i) a COSen (CO, sensor) protein and/or a COSen gene 

or transcript (message), wherein the COSen gene or 
transcript (message) comprises a sequence of the inven 
tion, and/or the COSen protein comprises an amino 
acid sequence of the invention, or 
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(ii) a polypeptide having a carbonic anhydrase (CA) 

activity, or a B-carbonic anhydrase activity, or a nucleic 
acid encoding the polypeptide, 

thereby causing over-expression and/or increase in 
expression of the COSen protein and/or the COSen gene 
or transcript (message), and/or the carbonic anhydrase (CA), 
and causing the stomatal pore to close, or 

(b) inhibiting or decreasing expression of a Phospho 
enolpyruvate (PEP) Carboxylase (or PEP carboxylase, 
or PEPC) gene or message (transcript); 

(B) the method of (A), wherein the cell is a plant guard 
cell; or 

(C) the method of (A) or (B), wherein the plant is a 
transgenic plant of the invention, or a plant transduced, 
transformed or infected with the expression cassette, 
plasmid, virus or vector of the invention, or the plant 
cell is the transduced cell of the invention. 

The invention provides methods for enhancing or opti 
mizing biomass accumulation in a plant, a plant leaf, a plant 
organ, a plant part, a plant cell or seed by balancing the loss 
of water through stomata with the net CO2 uptake for 
photosynthesis, and hence enhancing or optimizing biomass 
accumulation in the plant, plant leaf plant part, plant organ, 
plant cell or seed, comprising opening or closing stomatal 
pores using a composition and/or method of the invention. 
The invention provides methods for reducing leaf tem 

perature and enhancing transpiration in a plant, a plant leave, 
or a plant cell, comprising opening a stomatal pore a cell or 
cells of the plant using a composition and/or method of the 
invention. 

In alternative embodiments of any of the methods of the 
invention, the plant or plant cell is isolated and/or derived 
from: (i) a dicotyledonous or monocotyledonous plant; (ii) 
wheat, oat, rye, barley, rice, sorghum, maize (corn), tobacco, 
a legume, a lupins, potato, Sugar beet, pea, bean, soybean 
(soy), a cruciferous plant, a cauliflower, rape (or rapa or 
canola), cane (Sugarcane), flax, cotton, palm, Sugar beet, 
peanut, a tree, a poplar, a lupin, a silk cotton tree, desert 
willow, creosote bush, winterfat, balsa, ramie, kenaf, hemp, 
roselle, jute, or sisal abaca; or, (c) a specie from the genera 
Anacardium, Arachis, Asparagus, Atropa, Avena, Brassica, 
Citrus, Citrullus, Capsicum, Carthamus, Cocos, Coffea, 
Cucumis, Cucurbita, Daucus, Elaeis, Fragaria, Glycine, 
Gossypium, Helianthus, Heterocallis, Hordeum, Hyoscya 
mus, Lactuca, Linum, Lolium, Lupinus, Lycopersicon, 
Malus, Manihot, Majorana, Medicago, Nicotiana, Olea, 
Oryza, Panieum, Pannisetum, Persea, Phaseolus, Pistachia, 
Pisum, Pyrus, Prunus, Raphanus, Ricinus, Secale, Senecio, 
Sinapis, Solanum, Sorghum, Theobromus, Trigonella, Triti 
cum, Vicia, Vitis, Vigna or Zea. 
The invention provides transcriptional activators, e.g., 

acting as promoters or enhancers, for regulating expression 
of a nucleic acid in a plant cell, wherein the transcriptional 
activator (e.g., promoter) comprises a sequence as set forth 
in SEQ ID NO:10 or SEQ ID NO:11, or functional (tran 
Scriptional regulatory) Subsequences thereof, 

wherein in one aspect the transcriptional activator (e.g., 
promoter) up-regulates transcription, and in one aspect the 
transcriptional activator (e.g., promoter) up-regulates tran 
Scription in a plant guard cell-specific manner, and in one 
aspect the guard cell is a leaf guard cell or a stem guard cell. 
The invention provides methods for decreasing oxygen 

ation efficiency and increasing carbon fixation in a guard cell 
in the epidermis of a plant, a plant leaf plant organ, or a 
plant cell, comprising inhibiting or decreasing a ribulose-1, 
5-bisphosphate carboxylase/oxygenase, or “Rubisco' activ 
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ity enzyme and/or a Rubisco gene or transcript (message) in 
a cell or cells of the plant, comprising: 

(A) (a) providing a nucleic acid antisense to or otherwise 
inhibitory to a nucleic acid encoding a plant Rubisco; and 

(b) inhibiting or decreasing expression of a Rubisco gene 
or message (transcript) in the plant guard cell; 

(B) the method of (A), wherein the cell is a plant guard 
cell; 

(C) the method of (A) or (B), wherein the plant is a 
transgenic plant of the invention, or a plant transduced, 
transformed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell is the 
transduced cell of the invention; or 

(D) the method of any of (A) to (C), wherein the Rubisco 
encoding nucleic acid is a Rubisco gene or message (tran 
Script), or a Rubisco-encoding nucleic acid comprising all or 
a subsequence of SEQ ID NO:16, SEQ ID NO:17, SEQ ID 
NO:18 or SEQ ID NO:19. 
The invention provides methods for increasing oxygen 

ation efficiency and decreasing carbon fixation in a guard 
cell in the epidermis of a plant, a plant leaf, plant organ, or 
a plant cell, comprising increasing expression of a ribulose 
1.5-bisphosphate carboxylase/oxygenase, or “Rubisco’ 
activity enzyme and/or a Rubisco gene or transcript (mes 
sage) in a cell or cells of the plant, comprising: 

(A) (a) providing a nucleic acid encoding a plant Rubisco; 
and 

(b) expressing the Rubisco-encoding nucleic acid in the 
guard cell; 

(B) the method of (A), wherein the cell is a plant guard 
cell; 

(C) the method of (A) or (B), wherein the plant is a 
transgenic plant of the invention, or a plant transduced, 
transformed or infected with the expression cassette, plas 
mid, virus or vector of the invention, or the plant cell is the 
transduced cell of the invention; or 

(D) the method of any of (A) to (C), wherein the Rubisco 
encoding nucleic acid is a Rubisco gene or message (tran 
Script), or a Rubisco-encoding nucleic acid comprising all or 
a subsequence of SEQ ID NO:16, SEQ ID NO:17, SEQ ID 
NO:18 or SEQ ID NO:19. 
The details of one or more embodiments of the invention 

are set forth in the accompanying drawings and the descrip 
tion below. Other features, objects, and advantages of the 
invention will be apparent from the description and draw 
ings, and from the claims. 

All publications, patents, patent applications, GenBank 
sequences and ATCC deposits, cited herein are hereby 
expressly incorporated by reference for all purposes. 

DESCRIPTION OF DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

FIG. 1 graphically illustrates data showing stomatal con 
ductance in wild-type Arabidopsis thaliana and the CO 
sense double mutant of this invention; as described in detail 
in Example 1, below. 

FIGS. 2A-2F illustrates pictures showing various expres 
sion levels in different stages of guard cell (GC) develop 
ment: FIG. 2A: various expression levels in different stages 
of guard cell development; FIG. 2B: Expression of 27-GUS 
in young leaf and leaf stems; FIG. 2C: Expression of 
27-GUS in upper level of hypocotyl: FIG. 2D: Expression of 
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27-GUS in leaf stem and edge: FIG. 2E and FIG. 2F: Four 
lips in wild type (wt); as described in detail in Example 1, 
below. 

FIGS. 3A-Hare pictures showing expression of 27-YC3.6 
(SEQ ID NO:10) in GC on the stem of adjacent leaf but not 
in the very young leaf (outlined) (A & A"). 27-YC3.6 is 
mainly expressed in mature GC, very weak in young or 
immature GC (white arrow in B & B"). 27-YC3.60 (SEQ ID 
NO:11) is also expressed in GCs on hypocotyle (C & C"). 
27-YC3.6 (SEQ ID NO:10) is also expressed in GCs on 
sepals (D& D'); as described in detail in Example 1, below. 

FIG. 4A graphically illustrates data showing that in 
double mutant SEQ ID NO:1/SEQ ID NO:7 plants loss of 
ability to express these two genes resulted in a strong 
impairment in CO-induced stomatal closing compared to 
wild-type (wt) plants: FIG. 4B graphically illustrates studies 
showing complementation of the double mutant SEQ ID 
NO:1/SEQ ID NO:7 CO phenotype by transgenic expres 
sion of the CORP1 clDNA (SEQ ID NO:7); FIG. 4A and 
FIG. 4B, illustrate (a) the relative stomatal conductances of 
double mutant (corp 1 corp2), WT (wild-type) and (b) a 
transgenic complemented line (CORP1/corp1 corp2) 
expressing CORP1 in response to changes in CO concen 
trations (X-axis: ppm (COI); FIG. 4C graphically illustrates 
data showing that double mutant corp1/corp2 plants did not 
show disruption of other important signaling pathways in 
guard cells, including Stomatal closing induced by the 
drought-induced hormone abscisic acid (ABA), FIG. 4C 
graphically illustrates data demonstrating the intact response 
of the SEQID NO:7/SEQID NO:1, or corp1/corp2, double 
mutant and WT plants to abscisic acid (ABA); as described 
in detail in Example 2, below. 
FIG.5A and FIG. 5B, graphically illustrates data showing 

that both CA1 (SEQID NO:7) and CA4 (SEQID NO:1) can 
complement calca4 (mutants are designated by lower case 
italics) double mutants to varying degrees; as described in 
detail in Example 2, below. 

FIGS. 6 and 7A-B: FIG. 6 illustrates data showing the 
relative stomatal conductance, which reflect gas exchange 
and water use efficiency (WUE), of the CA1 (SEQID NO:7) 
and CA4 (SEQ ID NO: 1) complementation plants; these 
results are summarized and graphically illustrated in FIGS. 
7A-7B, FIG. 7A graphically illustrating the water use effi 
ciency (WUE) data, and FIG. 7B graphically illustrating the 
relative stomatal conductance data; as described in detail in 
Example 2, below. 

FIGS. 8A-C illustrates photomicrographs of Northern 
blots showing the expression level of CA1 (SEQ ID NO:7) 
and CA4 (SEQ ID NO: 1) in complementation plants, in 
particular, in leaves, and in guard cells and in mesophyll 
cells, as indicated in the Figures, FIG. 8A illustrating Col 
plants transformed with CA1 clNA; FIG. 8B illustrating 
CA1/4 mutants transformed with CA1 cDNA; and, FIG. 8C 
FIG.8B illustrating CA1/4/6 mutants transformed with CA1 
cDNA; as described in detail in Example 2, below. 

FIGS. 9A and 9B illustrate photomicrographs of Northern 
blots showing the expression level of CA1 (SEQ ID NO:7) 
and CA4 (SEQ ID NO:1) in double knockouts (of CA1 
(SEQ ID NO:7) and CA4 (SEQ ID NO: 1)). FIGS. 9C, 9D 
and 9E illustrate data from a CO sensor showing deficient 
CO regulation of gas exchange; note: Light condition red 
light (50 umolm’s'), blue light (6 umolm's"); as 
described in detail in Example 2 and Example 4, below. 

FIG. 10A graphically illustrates a summary of data show 
ing intact abscisic acid response in the calca4 (CA1 (SEQ 
ID NO:7) and CA4 (SEQ ID NO:1)) double mutant. FIG. 
10B graphically illustrates a Summary of data showing that 
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an inhibitor of CA1 (SEQ ID NO:7) and/or CA4 (SEQ ID 
NO: 1) mimics CO Insensitivity in wild-type (WT) plants; 
as described in detail in Example 2 and Example 4, below. 

FIGS. 11A and 11B illustrate photomicrographs of North 
ern blots showing the expression level of CA1 (SEQ ID 
NO:7) and CA4 (SEQ ID NO:1) in double knockouts (of 
CA1 (SEQ ID NO:7) and CA4 (SEQ ID NO: 1)), and FIGS. 
11C and 11D graphically illustrate data showing that 
genomic DNA of CA1 (SEQ ID NO:7) (FIG. 11C) or CA4 
(SEQ ID NO: 1) (FIG. 11D) genes can complement CO 
response; light condition: red light (50 molm’s'), blue 
light (6 umolm's"); as described in detail in Example 2 
and Example 4, below. 

FIGS. 12A, 12B and 12C, graphically illustrate a sum 
mary of data showing that photosynthesis is not impaired in 
triple CO sensor knockout mutant: Light during pre-adap 
tation time, prior to PS fluorescence measurements: 50 
umol/m2/s: 88% red light, 12% blue light: 2000 umol/m2/s: 
90% red light, 10% blue light. FIG. 12D illustrates the CO, 
assimilation rate in dark and in red light (where the red light: 
300 umolm's"); as described in detail in Example 2 and 
Example 4, below. 

FIGS. 13A, 13B, 13C and 13D, graphically and pictori 
ally illustrate that photosynthesis-impaired bleached leaves 
show intact CO regulation of gas exchange; as described in 
detail in Example 2 and Example 4, below. 

FIGS. 14A and 14B illustrate photomicrographs of North 
ern blots showing the expression level of CA1 (SEQ ID 
NO:7) and CA4 (SEQ ID NO:1) in double knockouts (of 
CA1 (SEQ ID NO:7) and CA4 (SEQ ID NO: 1)); and FIG. 
14C, graphically and pictorially illustrate that CO sensor 
over-expression plants where the CA1 (SEQ ID NO:7) and 
CA4 (SEQ ID NO:1) are operatively linked to guard cell 
targeted promoters of this invention show enhanced water 
use efficiency (WUE); in FIG. 14C, the data shows no effect 
observed on flowering time; as described in detail in 
Example 2 and Example 4, below. 

FIG. 15 graphically Summarizes data showing the tran 
Scriptional profiles of guard cell expressed genes in both 
guard cells and mesophyll cells; as described in detail in 
Example 3, below. 

FIG. 16 is the nucleic acid sequence of GC1 (SEQ ID 
NO:10); as described in detail in Example 3, below. 

FIG. 17A to L illustrate photomicrographs of a GC1 
(Atlg22690) gene expression analysis in response to differ 
ent treatments: FIG. 17A illustrates a picture showing that 
the GC1 promoter mediates strong reporter expression in 
guard cells of wild-type Arabidopsis seedlings, the picture 
showing a two-week-old pGC1:: GUS transgenic seedling; 
FIG. 17B illustrating that the pGC1::GUS delivered strong 
GUS expression in guard cells in leaves, and also in guard 
cells in petioles and hypocotyls as illustrated in FIGS. 17C, 
D, E: younger or immature guard cells showed no or much 
less GFP expression, as illustrated in FIGS. 17F, G, and 
guard cells in sepals and hypocotyls also showed GFP 
expression, as illustrated in FIGS. 17H, I, J. K; and GUS 
staining showed reporter gene expression in clustered sto 
mata, as illustrated in FIGS. 17L; GFP expression was 
observed in clustered stomata in timm plants transformed 
with pGC1: YC3.60, as illustrated in FIG. 17M; and, strong 
guard cell GFP expression was observed in tobacco leaves, 
as illustrated in FIG. 17N, as described in detail in Example 
3, below. 

FIG. 18A illustrates photographs that are representative 
T1 plants from different promoter: GUS transgenic lines: 
and, FIG. 18B graphically illustrates serial (structural, or 
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sequence) deletion of the pGC1 promoter to define regions 
for guard cell expression, as described in detail in Example 
3, below. 

FIG. 19A-C illustrates imposed intracellular calcium tran 
sients in pGC1:YC3.60 expressing guard cells and sponta 
neous calcium transients occur in guard cells of intact 
pGC1:: YC3.60 transgenic plants: FIG. 19A illustrates fluo 
rescence image of leaf epidermis of pGC 1: YC3.60 trans 
genic plant; FIG. 19B illustrates data showing that the 6 
guard cells in panel A all produced intracellular calcium 
transients in response to imposed calcium oscillations; FIG. 
19C illustrates a pseudo-colored rationetric image of a leaf 
from an intact Col plants transformed with pGC1::YC3.60; 
FIG. 19D illustrates a time course of the emission ratios of 
the two guard cells marked by an arrow in C shows that 
spontaneous calcium transients occur in intact Arabidopsis 
plants, as described in detail in Example 3, below. 

FIG. 20A-D illustrates micrographs of pGC1 (D1):anti 
GFP caused reduction of GFP expression in guard cells of 
35S::GFP plants: FIG. 20A illustrates leaf epidermis of a 
35S: GFP transgenic plant (bright field with GFP filter): 
FIG. 20B illustrates the fluorescence imaging of same leaf 
epidermis shown in 20A; FIG.20C illustrates leaf epidermis 
of a T1 transgenic plant expressing pCC1 (D1): anti-GFP in 
the 35S: GFP background: FIG. 20D illustrates the fluo 
rescence imaging of the same leaf epidermis shown in 200, 
as described in detail in Example 3, below. 

FIG. 21A, FIG. 21B, FIG. 21C, and FIG. 21D illustrate 
that CO sensor, guard cell-targeted, over-expression in 
plants show enhanced CO responses in gas exchange regu 
lation, as described in detail in Example 3, below. 

FIG. 22 illustrates a phylogenetic tree of Arabidopsis 
carbonic anhydrases, as described in detail in Example 4. 
below. 

FIG. 23 graphically illustrates data showing carbonic 
anhydrase mutant plants showed robust stomatal responses 
to blue light and light-dark transition, as described in detail 
in Example 4, below. 

FIG. 24A illustrates data showing that the calca4ca6 
triple mutant does not express CA6, where a positive control 
is a wild type (WT) expressing CA6. FIG. 24B, FIG. 24C, 
FIG. 24D and FIG. 24E graphically illustrate data showing 
that the ca4ca6 double mutants exhibit intact CO responses 
while calca4 and calca4cao display the same impairment of 
CO, perception: FIG. 24B, FIG. 24C, FIG. 24D and FIG. 
24E graphically illustrate stomatal conductance in mol water 
m’ sec', as described in detail in Example 4, below. 

FIG. 25 illustrates data demonstrating that several inde 
pendent transgenic lines of calca4 transformed with wild 
type copy of either CA1 or CA4 exhibit recovery of CO 
changes-induced responses: Two additional complemented 
lines with CA1, CA1 #2 (FIG. 25A) and CA1 #3 (FIG. 25B) 
or CA4, CA4#2 (FIG. 25C) and CA4#3 (FIG. 25D) show 
normal stomatal conductance increase and decrease in 
response to ICO changes, as described in detail in Example 
4, below. 

FIG. 26 illustrates fluorescent pictures (confocal imaging) 
of cells with different localization patterns of CA1-YFP and 
CA4-YFP in tobacco protoplasts: plasmids encoding YFP. 
FLS2-YFP, CA1-YFP and CA4-YFP were transiently 
expressed in tobacco protoplasts; filters are indicated on the 
top of the figure, while the fusions are indicated on the left 
of the figure; pictures on the far right of FIG. 26 show an 
overlay of YFP and chlorophyll images, as described in 
detail in Example 4, below. 

FIGS. 27A to G, and FIG. 14C, graphically illustrate data 
showing that guard cell preferential driven expression of 
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CA1 or CA4 cDNAs restores CO perception in calca4 and 
CA over-expressing plants exhibit improved water use effi 
ciency: FIG. 27A and FIG. 27B graphically illustrate a 
RT-PCR analysis of CA1 and CA4 expression in guard cell 
protoplasts and mesophyll cells of complementation plants 
with CA1 or CA4 driven by the guard cell-targeted promoter 
of this invention: FIG. 27C and FIG. 27D graphically 
illustrate CO-induced stomatal conductance change of 
guard cell-targeted lines, calca4 double mutant and wild 
type (WT) plants in response to the indicated ICO shifts: 
CA1 or CA4 expression in guard cells is sufficient for 
restoration of the CO, response: FIG. 27E graphically illus 
trates stomatal conductance of calca4, wild-type, ht1-2 and 
triple calca4ht1-2 mutant leaves in response to the indicated 
ICO changes: FIG. 27F and FIG. 27G graphically illustrate 
stomatal conductance of CA over-expressing lines and wild 
type (WT) plants in response to the indicated ICO changes, 
as described in detail in Example 4, below. 

FIGS. 28A to F graphically illustrate guard-cell specific 
complementation of either CA1 or CA4 restores stomatal 
CO responses in calca4: CO response data of an additional 
line complemented with CA1 or CA4 guard cell-targeted 
expression, as graphically illustrated in FIG. 28A and FIG. 
28B and relative stomatal conductance CO, response of the 
guard cell-targeted 4 independent complemented lines ana 
lyzed; two in FIG. 27C and FIG. 27D; two in FIG. 28A and 
FIG. 28B; FIGS. 28C to F graphically illustrate relative 
stomatal conductance values were normalized to the last 
data point prior to the 365-800 ppm CO switch, as 
described in detail in Example 4, below. 

FIG. 29A-F graphically illustrates data showing that the 
over-expression of either CA1 or CA4 in wild-type guard 
cells decreases the overall stomatal conductance and slightly 
increases the magnitude of the stomatal CO response: FIG. 
29C and FIG. 29D graphically illustrate RT-PCR analysis of 
CA1 or CA4 in leaves of over-expressing lines driven by the 
preferential guard cell promoter pGC1, Stomatal conduc 
tance measurements of an additional line over-expressing 
the CA1 gene, as illustrated in FIG. 29A, and additional line 
over-expressing the CA4 gene, as illustrated in FIG. 29B. 
Relative stomatal conductance values, as illustrated in FIG. 
29C, FIG. 29D, FIG. 29E, and FIG. 29F, were normalized to 
the last data point prior to the 365-800 ppm CO switch, as 
described in detail in Example 4, below. 

Like reference symbols in the various drawings indicate 
like elements. 

DETAILED DESCRIPTION 

The invention provides compositions and methods for 
manipulating the exchange of water and carbon dioxide 
(CO) through plant stomata by controlling CO sensor 
genes, designated "COSen genes, including the CO sen 
Sor nucleic acids (e.g., as genes or messages or transcripts) 
and polypeptides of this invention. The invention provides 
compositions and methods for over or under-expressing CO 
sensor nucleic acids and CO sensor polypeptides, including 
the CO sensor nucleic acids and polypeptides of this inven 
tion. The invention provides compositions and methods for 
over-expressing CO sensor nucleic acids and CO sensor 
polypeptides, including the CO, sensor nucleic acids and 
polypeptides of this invention, to engineer an improved CO 
response in a plant, plant part, plant organ, a leaf, and the 
like. 

Over-expression of one or several CO sensor genes, 
designated “COSen genes', including the CO sensor 
nucleic acids (e.g., as genes or messages or transcripts), or 
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CO sensor polypeptides, including the CO sensor poly 
peptides of this invention, evokes an improved CO. 
response. Thus, overexpression of all or one of the nucleic 
acids of this invention (to overexpress the COSen proteins) 
enhances WUE and produces a more efficient and drought 
resistant plant, particularly in light of the continuously rising 
atmospheric CO concentrations. Transgenic plants (e.g., 
crops) of this invention (by overexpressing of all or one of 
the COSen proteins of this invention) close their stomata to 
a greater extent than wild-type plants, thereby preserving 
their water usage. Because water use efficiency defines how 
well a plant can balance the loss of water through stomata 
with the net CO uptake for photosynthesis, and hence its 
biomass accumulation, the invention can be used in increase 
a plant's biomass, and thus the methods of the invention 
have applications in the biofuels/alternative energy area. 
The invention also provides compositions and methods 

for inhibiting the expression of COSens genes, transcripts 
and COSens proteins by, e.g., antisense and/or RNAi 
repression of CO. Sensors in guard cells in any plant or plant 
cell, e.g., an agricultural crops. The COSens underexpress 
ing transgenic plants or COSens-under-expressing plants of 
this invention can open their stomata to a greater extent than 
wild-type plants. 
The invention also provides plants, e.g., agricultural 

crops, that can withstand increased temperatures—thus pre 
venting a “breakdown of metabolism, photosynthesis and 
growth. Thus, compositions and methods of this invention, 
by inhibiting the expression of COSens nucleic acids and/or 
COSens proteins, help crops that otherwise would be 
sensitive to elevated temperatures to cope with the increased 
atmospheric CO concentrations, also reducing or amelio 
rating an accelerated increase in leaf temperatures. The 
invention provides compositions and methods comprising 
antisense and RNAi for repression of CO sensors in guard 
cells. In one aspect, a guard cell promoter provides a means 
to reduce leaf temperature through enhancing transpiration 
in these crops and also to maximize crop yields. 
The invention provides compositions and methods for 

down-regulating/decreasing or alternatively increasing car 
bon dioxide (CO) and/or water exchange in a plant, e.g., 
through the guard cell of a plant, plant cell, plant leaf, plant 
organ or plant part comprising interalia use of a polypeptide 
having carbonic anhydrase, “Phosphoenolpyruvate (PEP) 
Carboxylase” (or PEP carboxylase, or PEPC) and/or a 
ribulose-1,5-bisphosphate carboxylase/oxygenase, or 
“Rubisco' enzyme activity. 
The invention provides compositions and methods for 

manipulating PEP carboxylase, which is a key enzyme in 
photosynthesis in C4 plants. Since PEP carboxylase, or 
PEPC, cannot use CO, directly as a substrate PEPC relies on 
carbonic anhydrase (CA) to provide HCO. The reaction 
catalyzed by PEP carboxylase (PEPC) is (note: Pi is inor 
ganic phosphate): 

OAA can be subsequently reduced into malate. In some 
plant cells, CO is released for Rubisco and C3 photosyn 
thesis. 

In C4 plants (using the C4 carbon fixation pathway, also 
called the Hatch-Slack pathway) the malate can be trans 
ported into bundle sheath cells (in C4 plants, bundle sheath 
cells are photosynthetic cells arranged into tightly packed 
sheaths around the veins of a leaf the Calvin cycle is 
confined to the chloroplasts of bundle sheath cells) where 
CO is released for Rubisco and C3 photosynthesis; and the 
invention also provides compositions and methods for 
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manipulating Rubisco enzymes. In one aspect of the inven 
tion, expression of Rubisco enzymes, e.g., a Rubisco Small 
Subunit, is inhibited or repressed (decreased), e.g., in a guard 
cell of a plant. By inhibiting or repressing (decreasing) 
Rubisco expression, oxygenation efficiency decreases and 
carbon fixation may increase, and CO levels in guard cells 
goes down. This could reduce CO regulation of stomatal 
closing. 

In one aspect of the invention, high or reduced levels of 
PEP carboxylase, or PEPC, are engineered in guard cells of 
plants to manipulate CO control of stomatal movements 
and the amount of intracellular organic anion malate. An 
increase in PEPC levels will induce stomatal opening; a 
decrease in PEPC will result in stomatal closing; so, while 
the invention is not limited by any particular mechanism of 
action, increase in PEPC levels will induce an increase in 
malate, which balances the positive potassium ion) (K") 
accumulation during stomatal opening; and because an 
increase in the intracellular potassium (K) salt concentra 
tion this will induce stomatal opening. Thus, the invention 
provides compositions and methods for opening and closing 
plant stomata, or increasing or decreasing the amount of 
stomata, by over- or under-expressing PEPC, respectively. 
The invention provides compositions and methods for 

regulating carbon dioxide (CO) exchange and CO use and 
uptake in a plant or plant part, e.g., a leaf, by manipulating 
expression of a CO binding protein “Phosphoenolpyruvate 
(PEP) Carboxylase” (or PEP carboxylase, or PEPC) and/or 
a ribulose-1,5-bisphosphate carboxylase/oxygenase, or 
“Rubisco' enzyme; thus, the invention also provides com 
positions and methods for manipulating CO signal trans 
duction and regulation of gas exchange in a plant or plant 
part. For example, in one aspect, the invention provides 
compositions and methods for engineering an increased 
amount of PEPC (to facilitate stomatal opening) and/or 
engineering the amount of "Rubisco' enzyme. 

In alternative aspects of this invention, PEPCs and 
Rubisco nucleic acids are expressed in plant cells, e.g., in 
plant guard cells and mesophyll cells; and in one aspect, they 
are expressed at high levels (higher than wild type levels); 
or, PEPCs and Rubisco nucleic acids expression is inhibited, 
decreased or repressed in plant cells, e.g., in plant guard cells 
and mesophyll cells; and in one aspect, they are expressed 
at lower levels (lower than wild type levels). Plant cells 
engineered in these alternative embodiments include iso 
lated, cultured or transgenic plants and plant cells of this 
invention. 

Transcriptional Regulatory Elements 
The invention also provides promoters for regulating 

expression of a nucleic acid in a plant cell, wherein the 
promoter comprises a sequence as set forth in SEQ ID 
NO:10 or SEQ ID NO:11, or functional (transcriptional 
regulatory) Subsequences thereof, wherein in one aspect the 
promoter upregulates transcription, and in one aspect the 
promoter upregulates transcription in a plant guard cell 
specific manner, and in one aspect the guard cell is a leaf 
guard cell or a stem guard cell. The invention also provides 
expression cassettes, plasmids, viruses and vectors compris 
ing the promoter of invention. In one aspect, the invention 
also provides expression cassettes, plasmids, viruses and 
vectors comprising a promoter of invention operably linked 
to a nucleic acid of the invention, e.g., any genus of 
polynucleotides based on the exemplary SEQID NO:1, SEQ 
ID NO:2, SEQ ID NO:4, SEQ ID NO:5, SEQ ID NO:7 or 
SEQ ID NO:8. 

This promoter of the invention is a strong promoter, 
particularly in plant guard cells, and in Some embodiments 
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is guard cell specific, e.g., the exemplary SEQID NO:10 and 
SEQ ID NO:11 (its expression can be weak in other cells, 
e.g., epidermal cells, or mesophyll cells, and still be con 
sidered “guard cell specific'). 

Based on multiple microarray data, the promoters of the 
invention are about 20 times stronger than the known guard 
cell KAT1 promoter, and is also stronger in guard cells than 
the known cauliflower mosaic virus 35S promoter. See 
Figures of this invention, and Examples, below. 
While a nucleic acid of the invention can be operably 

linked to a promoter of this invention, in alternative embodi 
ments, it also can be operatively linked to any constitutive 
and/or plant specific, or plant cell specific promoter, e.g., a 
cauliflower mosaic virus (CaMV) 35S promoter, a man 
nopine synthase (MAS) promoter, a 1" or 2 promoter derived 
from T-DNA of Agrobacterium tumefaciens, a figwort 
mosaic virus 34S promoter, an actin promoter, a rice actin 
promoter, a ubiquitin promoter, e.g., a maize ubiquitin-1 
promoter, and the like. 

Examples of constitutive plant promoters which can be 
useful for expressing the TF sequence include: the cauli 
flower mosaic virus (CaMV) 35S promoter, which confers 
constitutive, high-level expression in most plant tissues (see, 
e.g., Odell et al. (1985) Nature 313: 810-812); the nopaline 
synthase promoter (An et al. (1988) Plant Physiol. 88: 
547-552); and the octopine synthase promoter (Fromm et al. 
(1989) Plant Cell 1: 977-984). 
The transcription factors (e.g., the promoters) of the 

invention, or other transcription factors, may be operably 
linked to a coding sequence of the invention, e.g., a CO 
regulatory protein of the invention. CO regulatory proteins 
of the invention may be operably linked with a specific 
promoter or enhancer that causes the transcription factor, 
and thus the coding sequence, to be expressed in response to 
environmental, tissue-specific or temporal signals. A variety 
of plant gene promoters that regulate gene expression in 
response to environmental, hormonal, chemical, develop 
mental signals, and in a tissue-active manner can be used for 
expression of a TF sequence in plants. Choice of a promoter 
is based largely on the phenotype of interest and is deter 
mined by Such factors as tissue (e.g., seed, fruit, root, pollen, 
vascular tissue, flower, carpel, etc.), inducibility (e.g., in 
response to wounding, heat, cold, drought, light, pathogens, 
etc.), timing, developmental stage, and the like. 
Numerous known promoters have been characterized and 

can favorably be employed to promote expression of a 
polynucleotide of the invention in a transgenic plant or cell 
of interest. For example, tissue specific promoters include: 
seed-specific promoters (such as the napin, phaseolin or 
DC3 promoter described in U.S. Pat. No. 5,773.697), fruit 
specific promoters that are active during fruit ripening (Such 
as the dru 1 promoter (U.S. Pat. No. 5,783,393), or the 2A11 
promoter (e.g., see U.S. Pat. No. 4,943,674) and the tomato 
polygalacturonase promoter (e.g., see Bird et al. (1988) 
Plant Mol. Biol. 11: 651-662), root-specific promoters, such 
as those disclosed in U.S. Pat. Nos. 5,618,988, 5,837,848 
and 5,905,186, pollen-active promoters such as PTA29, 
PTA26 and PTA13 (e.g., see U.S. Pat. No. 5,792.929), 
promoters active in vascular tissue (e.g., see Ringli and 
Keller (1998) Plant Mol. Biol. 37: 977-988), flower-specific 
(e.g., see Kaiser et al. (1995) Plant Mol. Biol. 28: 231-243), 
pollen (e.g., see Baerson et al. (1994) Plant Mol. Biol. 26: 
1947-1959), carpels (e.g., see Ohlet al. (1990) Plant Cell 2: 
837-848), pollen and ovules (e.g., see Baerson et al. (1993) 
Plant Mol. Biol. 22: 255-267), auxin-inducible promoters 
(such as that described in van der Kop et al. (1999) Plant 
Mol. Biol. 39:979-990 or Baumann et al., (1999) Plant Cell 
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11: 323-334), cytokinin-inducible promoter (e.g., see Gue 
vara-Garcia (1998) Plant Mol. Biol. 38: 743-753), promoters 
responsive to gibberellin (e.g., see Shi et al. (1998) Plant 
Mol. Biol. 38: 1053-1060, Willmott et al. (1998) Plant 
Molec. Biol. 38: 817-825) and the like. 5 

Additional promoters that can be used to practice this 
invention are those that elicit expression in response to heat 
(e.g., see Ainley et al. (1993) Plant Mol. Biol. 22: 13-23), 
light (e.g., the pea rbcS-3A promoter, Kuhlemeier et al. 
(1989) Plant Cell 1: 471-478, and the maize rbcS promoter, 10 
Schaffner and Sheen (1991) Plant Cell3:997-1012); wound 
ing (e.g., wunI, Siebertz et al. (1989) Plant Cell 1:961-968); 
pathogens (such as the PR-1 promoter described in Buchel 
et al. (1999) Plant Mol. Biol. 40:387-396, and the PDF1.2 
promoter described in Manners et al. (1998) Plant Mol. Biol. 15 
38: 1071-1080), and chemicals such as methyl jasmonate or 
salicylic acid (e.g., see Gatz (1997) Annu. Rev. Plant 
Physiol. Plant Mol. Biol. 48: 89-108). In addition, the timing 
of the expression can be controlled by using promoters such 
as those acting at Senescence (e.g., see Gan and Amasino 20 
(1995) Science 270: 1986-1988); or late seed development 
(e.g., see Odell et al. (1994) Plant Physiol. 106: 447-458). 

Tissue-specific promoters can promote transcription only 
within a certain time frame of developmental stage within 
that tissue. See, e.g., Blazquez (1998) Plant Cell 10:791-800, 25 
characterizing the Arabidopsis LEAFY gene promoter. See 
also Cardon (1997) Plant J 12:367-77, describing the tran 
scription factor SPL3, which recognizes a conserved 
sequence motif in the promoter region of the A. thaliana 
floral meristem identity gene AP1; and Mandel (1995) Plant 30 
Molecular Biology, Vol. 29, pp. 995-1004, describing the 
meristem promoter eIF4. Tissue specific promoters which 
are active throughout the life cycle of a particular tissue can 
be used. In one aspect, the nucleic acids of the invention are 
operably linked to a promoter active primarily only in cotton 35 
fiber cells. In one aspect, the nucleic acids of the invention 
are operably linked to a promoter active primarily during the 
stages of cotton fiber cell elongation, e.g., as described by 
Rinehart (1996) supra. The nucleic acids can be operably 
linked to the Fbl2A gene promoter to be preferentially 40 
expressed in cotton fiber cells (Ibid). See also, John (1997) 
Proc. Natl. Acad. Sci. USA 89:5769-5773: John, et al., U.S. 
Pat. Nos. 5,608,148 and 5,602,321, describing cotton fiber 
specific promoters and methods for the construction of 
transgenic cotton plants. Root-specific promoters may also 45 
be used to express the nucleic acids of the invention. 
Examples of root-specific promoters include the promoter 
from the alcohol dehydrogenase gene (DeLisle (1990) Int. 
Rev. Cytol. 123:39-60). Other promoters that can be used to 
express the nucleic acids of the invention include, e.g., 50 
ovule-specific, embryo-specific, endosperm-specific, 
integument-specific, seed coat-specific promoters, or some 
combination thereof a leaf-specific promoter (see, e.g., 
Busk (1997) Plant J. 11:1285 1295, describing a leaf-specific 
promoter in maize); the ORF 13 promoter from Agrobacte- 55 
rium rhizogenes (which exhibits high activity in roots, see, 
e.g., Hansen (1997) Supra); a maize pollen specific promoter 
(see, e.g., Guerrero (1990) Mol. Gen. Genet. 224:161 168); 
a tomato promoter active during fruit ripening, senescence 
and abscission of leaves and, to a lesser extent, of flowers 60 
can be used (see, e.g., Blume (1997) Plant J. 12:731 746); a 
pistil-specific promoter from the potato SK2 gene (see, e.g., 
Ficker (1997) Plant Mol. Biol. 35:425431); the Blec4 gene 
from pea, which is active in epidermal tissue of vegetative 
and floral shoot apices of transgenic alfalfa making it a 65 
useful tool to target the expression of foreign genes to the 
epidermal layer of actively growing shoots or fibers; the 
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ovule-specific BEL1 gene (see, e.g., Reiser (1995) Cell 
83:735-742, GenBank No. U39944); and/or, the promoter in 
Klee, U.S. Pat. No. 5,589,583, describing a plant promoter 
region is capable of conferring high levels of transcription in 
meristematic tissue and/or rapidly dividing cells. 

Alternatively, plant promoters which are inducible upon 
exposure to plant hormones, such as auxins, are used to 
express the nucleic acids of the invention. For example, the 
invention can use the auxin-response elements E1 promoter 
fragment (AuXREs) in the Soybean (Glycine max L.) (Liu 
(1997) Plant Physiol. 115:397–407); the auxin-responsive 
Arabidopsis GST6 promoter (also responsive to salicylic 
acid and hydrogen peroxide) (Chen (1996) Plant J. 10: 
955-966); the auxin-inducible parC promoter from tobacco 
(Sakai (1996) 37:906-913); a plant biotin response element 
(Streit (1997) Mol. Plant Microbe Interact. 10:933-937): 
and, the promoter responsive to the stress hormone abscisic 
acid (Sheen (1996) Science 274: 1900-1902). 
The nucleic acids of the invention can also be operably 

linked to plant promoters which are inducible upon exposure 
to chemicals reagents which can be applied to the plant, Such 
as herbicides or antibiotics. For example, the maize In2-2 
promoter, activated by benzenesulfonamide herbicide safen 
ers, can be used (De Veylder (1997) Plant Cell Physiol. 
38:568-577); application of different herbicide safeners 
induces distinct gene expression patterns, including expres 
sion in the root, hydathodes, and the shoot apical meristem. 
Coding sequence can be under the control of, e.g., a tetra 
cycline-inducible promoter, e.g., as described with trans 
genic tobacco plants containing the Avena sativa L. (oat) 
arginine decarboxylase gene (Masgrau (1997) Plant J. 
11:465-473); or, a salicylic acid-responsive element (Stange 
(1997) Plant J. 11:1315-1324). Using chemically- (e.g., 
hormone- or pesticide-) induced promoters, i.e., promoter 
responsive to a chemical which can be applied to the 
transgenic plant in the field, expression of a polypeptide of 
the invention can be induced at a particular stage of devel 
opment of the plant. Thus, the invention also provides for 
transgenic plants containing an inducible gene encoding for 
polypeptides of the invention whose host range is limited to 
target plant species, such as corn, rice, barley, wheat, potato 
or other crops, inducible at any stage of development of the 
crop. 
One of skill will recognize that a tissue-specific plant 

promoter may drive expression of operably linked sequences 
in tissues other than the target tissue. Thus, a tissue-specific 
promoter is one that drives expression preferentially in the 
target tissue or cell type, but may also lead to some expres 
sion in other tissues as well. 
The nucleic acids of the invention can also be operably 

linked to plant promoters which are inducible upon exposure 
to chemicals reagents. These reagents include, e.g., herbi 
cides, synthetic auxins, or antibiotics which can be applied, 
e.g., sprayed, onto transgenic plants. Inducible expression of 
the nucleic acids of the invention will allow the grower to 
select plants with the optimal protein expression and/or 
activity. The development of plant parts can thus controlled. 
In this way the invention provides the means to facilitate the 
harvesting of plants and plant parts. For example, in various 
embodiments, the maize In2-2 promoter, activated by ben 
Zenesulfonamide herbicide safeners, is used (De Veylder 
(1997) Plant Cell Physiol. 38:568-577); application of dif 
ferent herbicide Safeners induces distinct gene expression 
patterns, including expression in the root, hydathodes, and 
the shoot apical meristem. Coding sequences of the inven 
tion are also under the control of a tetracycline-inducible 
promoter, e.g., as described with transgenic tobacco plants 
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containing the Avena sativa L. (oat) arginine decarboxylase 
gene (Masgrau (1997) Plant J. 11:465-473); or, a salicylic 
acid-responsive element (Stange (1997) Plant J. 11:1315 
1324). 

In some aspects, proper polypeptide expression may 
require polyadenylation region at the 3'-end of the coding 
region. The polyadenylation region can be derived from the 
natural gene, from a variety of other plant (or animal or 
other) genes, or from genes in the Agrobacterial T-DNA. 

Plants Comprising a Nucleic Acid of this Invention 
The invention provides transgenic plants and seeds com 

prising a nucleic acid, a polypeptide (e.g., a COSen pro 
tein), an expression cassette or vector or a transfected or 
transformed cell of the invention. The invention also pro 
vides plant products, e.g., seeds, leaves, extracts and the like, 
comprising a nucleic acid and/or a polypeptide (e.g., a 
COSen protein of the invention. The transgenic plant can be 
dicotyledonous (a dicot) or monocotyledonous (a monocot). 
The invention also provides methods of making and using 
these transgenic plants and seeds. The transgenic plant or 
plant cell expressing a polypeptide of the present invention 
may be constructed in accordance with any method known 
in the art. See, for example, U.S. Pat. No. 6,309,872. 

Nucleic acids and expression constructs of the invention 
can be introduced into a plant cell by any means. For 
example, nucleic acids or expression constructs can be 
introduced into the genome of a desired plant host, or, the 
nucleic acids or expression constructs can be episomes. 
Introduction into the genome of a desired plant can be such 
that the host’s a COSen protein production is regulated by 
endogenous transcriptional or translational control elements, 
or by a heterologous promoter, e.g., a promoter of this 
invention. The invention also provides “knockout plants' 
where insertion of gene sequence by, e.g., homologous 
recombination, has disrupted the expression of the endog 
enous gene. Means to generate “knockout” plants are well 
known in the art. 
The nucleic acids and polypeptides of the invention can 

be expressed in or inserted in any plant, plant part, plant cell 
or seed. Transgenic plants of the invention, or a plant or 
plant cell comprising a nucleic acid of this invention (e.g., 
a transfected, infected or transformed cell) can be dicotyle 
donous or monocotyledonous. Examples of monocots com 
prising a nucleic acid of this invention, e.g., as monocot 
transgenic plants of the invention, are grasses, such as 
meadow grass (blue grass, Poa), forage grass such as 
festuca, lolium, temperate grass, Such as Agrostis, and cere 
als, e.g., wheat, oats, rye, barley, rice, Sorghum, and maize 
(corn). Examples of dicots comprising a nucleic acid of this 
invention, e.g., as dicot transgenic plants of the invention, 
are tobacco, legumes. Such as lupins, potato, Sugar beet, pea, 
bean and Soybean, and cruciferous plants (family Brassica 
ceae). Such as cauliflower, rape seed, and the closely related 
model organism Arabidopsis thaliana. Thus, plant or plant 
cell comprising a nucleic acid of this invention, including 
the transgenic plants and seeds of the invention, include a 
broad range of plants, including, but not limited to, species 
from the genera Anacardium, Arachis, Asparagus, Atropa, 
Avena, Brassica, Citrus, Citrullus, Capsicum, Carthamus, 
Cocos, Coffea, Cucumis, Cucurbita, Daucus, Elaeis, Fra 
garia, Glycine, Gossypium, Helianthus, Heterocallis, Hor 
deum, Hyoscyamus, Lactuca, Linum, Lolium, Lupinus, Lyco 
persicon, Malus, Manihot, Majorana, Medicago, Nicotiana, 
Olea, Oryza, Panieum, Pannisetum, Persea, Phaseolus, 
Pistachia, Pisum, Pyrus, Prunus, Raphanus, Ricinus, 
Secale, Senecio, Sinapis, Solanum, Sorghum, Theobromus, 
Trigonella, Triticum, Vicia, Vitis, Vigna, and Zea. 
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The nucleic acids and polypeptides of the invention can 

be expressed in or inserted in any plant cell, organ, seed or 
tissue, including differentiated and undifferentiated tissues 
or plants, including but not limited to roots, stems, shoots, 
cotyledons, epicotyl, hypocotyl, leaves, pollen, seeds, tumor 
tissue and various forms of cells in culture Such as single 
cells, protoplast, embryos, and callus tissue. The plant tissue 
may be in plants or in organ, tissue or cell culture. 

Transgenic Plants 
The invention provides transgenic plants comprising and 

expressing the COSen genes and proteins of this invention: 
for example, the invention provides plants, e.g., transgenic 
plants, that show improved growth under limiting water 
conditions; thus, the invention provides drought-tolerant 
plants (e.g., crops). 
A transgenic plant of this invention can also include the 

machinery necessary for expressing or altering the activity 
of a polypeptide encoded by an endogenous gene, for 
example, by altering the phosphorylation state of the poly 
peptide to maintain it in an activated State. 

Transgenic plants (or plant cells, or plant explants, or 
plant tissues) incorporating the polynucleotides of the inven 
tion and/or expressing the polypeptides of the invention can 
be produced by a variety of well established techniques as 
described above. Following construction of a vector, most 
typically an expression cassette, including a polynucleotide, 
e.g., encoding a transcription factor or transcription factor 
homolog, of the invention, standard techniques can be used 
to introduce the polynucleotide into a plant, a plant cell, a 
plant explant or a plant tissue of interest. In one aspect the 
plant cell, explant or tissue can be regenerated to produce a 
transgenic plant. 
The plant can be any higher plant, including gymno 

sperms, monocotyledonous and dicotyledonous plants. Suit 
able protocols are available for Leguminosae (alfalfa, Soy 
bean, clover, etc.), Umbelliferae (carrot, celery, parsnip), 
Cruciferae (cabbage, radish, rapeseed, broccoli, etc.), Cur 
curbitaceae (melons and cucumber), Gramineae (wheat, 
corn, rice, barley, millet, etc.), Solanaceae (potato, tomato, 
tobacco, peppers, etc.), and various other crops. See proto 
cols described in Ammirato et al., eds., (1984) Handbook of 
Plant Cell Culture Crop Species, Macmillan Publ. Co., 
New York, N.Y.; Shimamoto et al. (1989) Nature 338: 
274-276: Fromm et al. (1990) Bio/Technol. 8: 833-839; and 
Vasil et al. (1990) Bio/Technol. 8: 429-434. 

Transformation and regeneration of both monocotyledon 
ous and dicotyledonous plant cells is now routine, and the 
selection of the most appropriate transformation technique 
will be determined by the practitioner. The choice of method 
will vary with the type of plant to be transformed; those 
skilled in the art will recognize the suitability of particular 
methods for given plant types. Suitable methods can include, 
but are not limited to: electroporation of plant protoplasts; 
liposome-mediated transformation; polyethylene glycol 
(PEG) mediated transformation; transformation using 
viruses; micro-injection of plant cells; micro-projectile bom 
bardment of plant cells; vacuum infiltration; and Agrobac 
terium tumefaciens mediated transformation. Transforma 
tion means introducing a nucleotide sequence into a plant in 
a manner to cause stable or transient expression of the 
Sequence. 

Successful examples of the modification of plant charac 
teristics by transformation with cloned sequences which 
serve to illustrate the current knowledge in this field of 
technology, and include for example: U.S. Pat. Nos. 5,571, 
706; 5,677,175; 5,510,471; 5,750,386; 5,597,945; 5,589, 
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615; 5,750,871; 5,268,526; 5,780,708: 5,538,880; 5,773, 
269; 5,736,369 and 5,619,042. 

Following transformation, plants are preferably selected 
using a dominant selectable marker incorporated into the 
transformation vector. Typically, such a marker will confer 5 
antibiotic or herbicide resistance on the transformed plants, 
and selection of transformants can be accomplished by 
exposing the plants to appropriate concentrations of the 
antibiotic or herbicide. 

After transformed plants are selected and grown to matu- 10 
rity, those plants showing a modified trait are identified. The 
modified trait can be any of those traits described above. 
Additionally, to confirm that the modified trait is due to 
changes in expression levels or activity of the polypeptide or 
polynucleotide of the invention can be determined by ana- 15 
lyzing mRNA expression using Northern blots, RT-PCR or 
microarrays, or protein expression using immunoblots or 
Western blots or gel shift assays. 

Nucleic acids and expression constructs of the invention 
can be introduced into a plant cell by any means. For 20 
example, nucleic acids or expression constructs can be 
introduced into the genome of a desired plant host, or, the 
nucleic acids or expression constructs can be episomes. 
Introduction into the genome of a desired plant can be such 
that the host's CO sensor production is regulated by endog- 25 
enous transcriptional or translational control elements. 
The invention also provides “knockout plants' where 

insertion of gene sequence by, e.g., homologous recombi 
nation, has disrupted the expression of the endogenous gene. 
Means to generate “knockout” plants are well-known in the 30 
art, see, e.g., Strepp (1998) Proc Natl. Acad. Sci. USA 
95:4368-4373; Miao (1995) Plant J 7:359-365. See discus 
sion on transgenic plants, below. 

In one aspect, making transgenic plants or seeds com 
prises incorporating sequences of the invention and, in one 35 
aspect (optionally), marker genes into a target expression 
construct (e.g., a plasmid), along with positioning of the 
promoter and the terminator sequences. This can involve 
transferring the modified gene into the plant through a 
Suitable method. For example, a construct may be intro- 40 
duced directly into the genomic DNA of the plant cell using 
techniques such as electroporation and microinjection of 
plant cell protoplasts, or the constructs can be introduced 
directly to plant tissue using ballistic methods, such as DNA 
particle bombardment. For example, see, e.g., Christou 45 
(1997) Plant Mol. Biol. 35:197-203; Pawlowski (1996) Mol. 
Biotechnol. 6:17-30; Klein (1987) Nature 327:70-73; 
Takumi (1997) Genes Genet. Syst. 72:63-69, discussing use 
of particle bombardment to introduce transgenes into wheat; 
and Adam (1997) supra, for use of particle bombardment to 50 
introduce YACs into plant cells. For example, Rinehart 
(1997) supra, used particle bombardment to generate trans 
genic cotton plants. Apparatus for accelerating particles is 
described U.S. Pat. No. 5,015,580; and, the commercially 
available BioRad (Biolistics) PDS-2000 particle accelera- 55 
tion instrument; see also, John, U.S. Pat. No. 5,608,148; and 
Ellis, U.S. Pat. No. 5,681,730, describing particle-mediated 
transformation of gymnosperms. 

In one aspect, protoplasts can be immobilized and 
injected with a nucleic acids, e.g., an expression construct. 60 
Although plant regeneration from protoplasts is not easy 
with cereals, plant regeneration is possible in legumes using 
Somatic embryogenesis from protoplast derived callus. 
Organized tissues can be transformed with naked DNA 
using gene gun technique, where DNA is coated on tungsten 65 
microprojectiles, shot /100th the size of cells, which carry the 
DNA deep into cells and organelles. Transformed tissue is 

30 
then induced to regenerate, usually by Somatic embryogen 
esis. This technique has been Successful in several cereal 
species including maize and rice. 

In one aspect, the third step can involve selection and 
regeneration of whole plants capable of transmitting the 
incorporated target gene to the next generation. Such regen 
eration techniques rely on manipulation of certain phyto 
hormones in a tissue culture growth medium, typically 
relying on a biocide and/or herbicide marker that has been 
introduced together with the desired nucleotide sequences. 
Plant regeneration from cultured protoplasts is described in 
Evans et al., Protoplasts Isolation and Culture, Handbook of 
Plant Cell Culture, pp. 124-176, MacMillilan Publishing 
Company, New York, 1983; and Binding, Regeneration of 
Plants, Plant Protoplasts, pp. 21-73, CRC Press, Boca 
Raton, 1985. Regeneration can also be obtained from plant 
callus, explants, organs, or parts thereof. Such regeneration 
techniques are described generally in Klee (1987) Ann. Rev. 
of Plant Phys. 38:467-486. To obtain whole plants from 
transgenic tissues such as immature embryos, they can be 
grown under controlled environmental conditions in a series 
of media containing nutrients and hormones, a process 
known as tissue culture. Once whole plants are generated 
and produce seed, evaluation of the progeny begins. 

After the expression cassette is stably incorporated in 
transgenic plants, it can be introduced into other plants by 
sexual crossing. Any of a number of standard breeding 
techniques can be used, depending upon the species to be 
crossed. Since transgenic expression of the nucleic acids of 
the invention leads to phenotypic changes, plants compris 
ing the recombinant nucleic acids of the invention can be 
sexually crossed with a second plant to obtain a final 
product. Thus, the seed of the invention can be derived from 
a cross between two transgenic plants of the invention, or a 
cross between a plant of the invention and another plant. The 
desired effects (e.g., expression of the polypeptides of the 
invention to produce a plant in which flowering behavior is 
altered) can be enhanced when both parental plants express 
the polypeptides, e.g., a CO sensor of the invention. The 
desired effects can be passed to future plant generations by 
standard propagation means. 

Antisense Inhibitory Molecules 
In one aspect, the invention provides an antisense inhibi 

tory molecules comprising a sequence of this invention 
(which include both sense and antisense strands). Naturally 
occurring or synthetic nucleic acids can be used as antisense 
oligonucleotides. The antisense oligonucleotides can be of 
any length; for example, in alternative aspects, the antisense 
oligonucleotides are between about 5 to 100, about 10 to 80, 
about 15 to 60, about 18 to 40. The optimal length can be 
determined by routine screening. The antisense oligonucle 
otides can be present at any concentration. The optimal 
concentration can be determined by routine Screening. A 
wide variety of synthetic, non-naturally occurring nucleotide 
and nucleic acid analogues are known which can address 
this potential problem. For example, peptide nucleic acids 
(PNAS) containing non-ionic backbones, such as N-(2- 
aminoethyl)glycine units can be used. Antisense oligonucle 
otides having phosphorothioate linkages can also be used, as 
described in WO 97/03211; WO 96/3915.4; Mata (1997) 
Toxicol Appl Pharmacol 144:189-197; Antisense Therapeu 
tics, ed. Agrawal (Humana Press, Totowa, N.J., 1996). 
Antisense oligonucleotides having synthetic DNA backbone 
analogues provided by the invention can also include phos 
phoro-dithioate, methylphosphonate, phosphoramidate, 
alkyl phosphotriester, sulfamate, 3'-thioacetal, methylene 
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(methylimino), 3'-N-carbamate, and morpholino carbamate 
nucleic acids, as described above. 
RNA Interference (RNAi) 
In one aspect, the invention provides an RNA inhibitory 

molecule, a so-called “RNAi molecule, comprising a 
sequence of this invention. In one aspect, the RNAi mol 
ecule comprises a double-stranded RNA (dsRNA) molecule. 
The RNAi molecule can comprise a double-stranded RNA 
(dsRNA) molecule, e.g., siRNA, miRNA (microRNA) and/ 
or short hairpin RNA (shRNA) molecules. The RNAi mol 
ecule, e.g., siRNA (small inhibitory RNA) can inhibit 
expression of a COSen genes, and/or miRNA (microRNA) 
to inhibit translation of a COSen gene, or any related CO 
Sensor genes. 

In alternative aspects, the RNAi is about 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 or more duplex 
nucleotides in length. While the invention is not limited by 
any particular mechanism of action, the RNAi can enter a 
cell and cause the degradation of a single-stranded RNA 
(SSRNA) of similar or identical sequences, including endog 
enous mRNAs. When a cell is exposed to double-stranded 
RNA (dsRNA), mRNA from the homologous gene is selec 
tively degraded by a process called RNA interference 
(RNAi). A possible basic mechanism behind RNAi, e.g., 
siRNA for inhibiting transcription and/or miRNA to inhibit 
translation, is the breaking of a double-stranded RNA 
(dsRNA) matching a specific gene sequence into short 
pieces called short interfering RNA, which trigger the deg 
radation of mRNA that matches its sequence. In one aspect, 
the RNAi’s of the invention are used in gene-silencing 
therapeutics, see, e.g., Shuey (2002) Drug Discov. Today 
7:1040-1046. In one aspect, the invention provides methods 
to selectively degrade RNA using the RNAi’s of the inven 
tion. The process may be practiced in vitro, ex vivo or in 
vivo. In one aspect, the RNAi molecules of the invention can 
be used to generate a loss-of-function mutation in a cell, an 
plant tissue or organ or seed, or a plant. 

In one aspect, intracellular introduction of the RNAi (e.g., 
miRNA or siRNA) is by internalization of a target cell 
specific ligand bonded to an RNA binding protein compris 
ing an RNAi (e.g., microRNA) is adsorbed. The ligand is 
specific to a unique target cell Surface antigen. The ligand 
can be spontaneously internalized after binding to the cell 
Surface antigen. If the unique cell Surface antigen is not 
naturally internalized after binding to its ligand, internaliza 
tion can be promoted by the incorporation of an arginine 
rich peptide, or other membrane permeable peptide, into the 
structure of the ligand or RNA binding protein or attachment 
of such a peptide to the ligand or RNA binding protein. See, 
e.g., U.S. Patent App. Pub. Nos. 20060030003: 
20060025361; 20060019286; 20060019258. In one aspect, 
the invention provides lipid-based formulations for deliver 
ing, e.g., introducing nucleic acids of the invention as 
nucleic acid-lipid particles comprising an RNAi molecule to 
a cell, see .g., U.S. Patent App. Pub. No. 20060008910. 

Methods for making and using RNAi molecules, e.g., 
siRNA and/or miRNA, for selectively degrade RNA are well 
known in the art, see, e.g., U.S. Pat. Nos. 6,506.559: 
6,511,824; 6,515, 109; 6,489,127. 
Methods for making expression constructs, e.g., vectors 

or plasmids, from which a COSen gene inhibitory poly 
nucleotide (e.g., a duplex siRNA of the invention) is tran 
scribed are well known and routine. A regulatory region 
(e.g., promoter, enhancer, silencer, splice donor, acceptor, 
etc.) can be used to transcribe an RNA strand or RNA strands 
of a COSen gene inhibitory polynucleotide from an expres 
sion construct. When making a duplex siRNA COSen gene 
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inhibitory molecule, the sense and antisense strands of the 
targeted portion of the targeted IRES can be transcribed as 
two separate RNA strands that will anneal together, or as a 
single RNA strand that will form a hairpin loop and anneal 
with itself. For example, a construct targeting a portion of a 
COSen gene is inserted between two promoters (e.g., two 
plant, viral, bacteriophage T7 or other promoters) such that 
transcription occurs bidirectionally and will result in 
complementary RNA strands that may Subsequently anneal 
to form an inhibitory siRNA of the invention. Alternatively, 
a targeted portion of a COSen gene can be designed as a 
first and second coding region together on a single expres 
sion vector, wherein the first coding region of the targeted 
COSen gene is in sense orientation relative to its control 
ling promoter, and wherein the second coding region of the 
COSen gene is in antisense orientation relative to its 
controlling promoter. If transcription of the sense and anti 
sense coding regions of the targeted portion of the targeted 
COSen gene occurs from two separate promoters, the result 
may be two separate RNA strands that may Subsequently 
anneal to form a COSen gene inhibitory siRNA, e.g., a 
COSen gene-inhibitory siRNA of the invention. 

In another aspect, transcription of the sense and antisense 
targeted portion of the targeted COSen gene is controlled 
by a single promoter, and the resulting transcript will be a 
single hairpin RNA strand that is self-complementary, i.e., 
forms a duplex by folding back on itself to create a COSen 
gene-inhibitory siRNA molecule. In this configuration, a 
spacer, e.g., of nucleotides, between the sense and antisense 
coding regions of the targeted portion of the targeted 
COSen gene can improve the ability of the single strand 
RNA to form a hairpin loop, wherein the hairpin loop 
comprises the spacer. In ones embodiment, the spacer com 
prises a length of nucleotides of between about 5 to 50 
nucleotides. In one aspect, the sense and antisense coding 
regions of the siRNA can each be on a separate expression 
vector and under the control of its own promoter. 

Inhibitory Ribozymes 
The invention provides ribozymes capable of binding 

CO sensor gene message. These ribozymes can inhibit CO 
sensor gene activity by, e.g., targeting mRNA. Strategies for 
designing ribozymes and selecting the CO, sensor gene 
specific antisense sequence for targeting are well described 
in the Scientific and patent literature, and the skilled artisan 
can design Such ribozymes using the novel reagents of the 
invention. Ribozymes act by binding to a target RNA 
through the target RNA binding portion of a ribozyme which 
is held in close proximity to an enzymatic portion of the 
RNA that cleaves the target RNA. Thus, the ribozyme 
recognizes and binds a target RNA through complementary 
base-pairing, and once bound to the correct site, acts enzy 
matically to cleave and inactivate the target RNA. Cleavage 
of a target RNA in such a manner will destroy its ability to 
direct synthesis of an encoded protein if the cleavage occurs 
in the coding sequence. After a ribozyme has bound and 
cleaved its RNA target, it can be released from that RNA to 
bind and cleave new targets repeatedly. 

Carbonic Anhydrase (Carbonate Dehydratase) 
The invention provides methods for down-regulating or 

decreasing carbon dioxide (CO) and/or water exchange in 
a guard cell of a plant, plant cell, plant leaf, plant organ or 
plant part comprising expressing in a cell a polypeptide 
having a carbonic anhydrase (carbonate dehydratase) activ 
ity, or a B-carbonic anhydrase activity. In alternative aspects, 
any carbonic anhydrase (carbonate dehydratase) can be 
used, e.g., including plant or bacterial carbonic anhydrase 
(carbonate dehydratase) enzymes. Exemplary carbonic 
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anhydrase (carbonate dehydratase) enzymes that can be used 
to practice this invention include carbonic anhydrase (car 
bonate dehydratase) enzymes isolated or derived from: 
Rice (Oryza sativa) 
NM_001072713 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os12g0153500 
(Os 12g.0153500) mRNA, complete cds 

gil 115487387|refNM_001072713.1115487387 
NM_001072308 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os11g0153200 
(Os11g0153200) mRNA, complete cds 

gil 115484228 reflNM_001072308.1||115484228 
NM_001069944 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os09g.0464000 
(Os09g.0464000) mRNA, complete cds 

gil 115479630|reflNM_001069944.1||115479630 
NM_001069887 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os09g.0454500 
(Os09g.0454500) mRNA, complete cds 

gil 115479516|refNM_001069887.1115479516 
NM_001068550 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os08g.0470200 
(Os08g.0470200) mRNA, complete cds 

gil 115476837|refNM_001068550.1115476837 
NM_00106836 (=Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os08g.0423500 
(Os08g.0423500) mRNA, complete cds 

gil 115476469 reflNM_001068366.1||115476469 
NM_001064586 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os06g0610100 
(Os06g,0610100) mRNA, complete cds 

gil 115468903 reflNM_001064586.1||115468903 
NM_00105356 (=Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os02g0533300 
(Os02g0533300) mRNA, complete cds 

gil 11544.6500 reflNM_001053565.1||11544.6500 
NM_001050212 (=Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os01g0640000 
(Os01g0640000) mRNA, complete cds 

gil 115438794 reflNM_001050212.1||115438794 
NM_001050211 (Genbank accession number) 

Oryza sativa (japonica cultivar-group) Os01g0639900 
(Os01g0639900) mRNA, partial cds 

gil 115438792|refNM_001050211.1||115438792 
EF576561 

Oryza sativa (indica cultivar-group) clone OSS-385-480 
G10 carbonic anhydrase mRNA, partial cds 

gil 1493926921gb|EF576561.1149392692 
AF182806 

Oryza sativa carbonic anhydrase 3 mRNA, complete cds 
gil5917782Igb|AF182806.1|AF1828065917782) 

UO8404 
Oryza sativa chloroplast carbonic anhydrase mRNA, 

complete cds 
gi6068161gb|U08404.1|OSU08404606816 

Corn: (Zea may) 
NM 001111889 

Zea mays carbonic anhydrase (LOC542302), mRNA 
gil 162459146|refNM 001111889.1||162459146 

UO8403 
Zea mays Golden Bantam carbonic anhydrase mRNA, 

complete cds 
gi606814gb|U08403.1|ZMU08403606814 

UO84O1 
Zea mays carbonic anhydrase mRNA, complete cods 
gi606810gb|U084.01.1|ZMU084.01606810 
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M95073 

Zea mays putative carbonic anhydrase homolog mRNA, 
partial cds 

gil 168561 Igb|M95073.1|MZEORFN 168561 
Soybean: (Glycine) 
AJ239 132 

Glycine max mRNA for carbonic anhydrase 
gi4902524|emb|AJ239132.114902524 

Tomato (Lycopersicon) 
A.J8493.76 

Lycopersicon esculentum mRNA for chloroplast carbonic 
anhydrase (ca2 gene) 

gi56562176emb|AJ849376.1||56562176 
A.J84.9375 

Lycopersicon esculentum mRNA for carbonic anhydrase 
(cal gene) 

gi56562174|emb|AJ84.9375.1||56562174 
Tobacco Nicotiana 
AF492468 

Nicotiana langsdorffiixNicotiana sanderae nectarin III 
(NEC3) mRNA, complete cds 

gi29468279gb|AF492468.129468279) 
AF454759 

Nicotiana tabacum beta-carbonic anhydrase (CA) 
mRNA, complete cds; nuclear gene for chloroplast 
product 

gi22550385gb|AF454759.222550385) 
ABOO9887 

Nicotiana tabacum mRNA for carbonic anhydrase, partial 
cds 

gi8096276ldbj|AB009887.118096276 
ABO12863 

Nicotiana paniculata mRNA for NPCA1, complete cds 
gi30612701db|AB012863. 13061270 

L19255 
Nicotiana tabacum chloroplastic carbonic anhydrase 
mRNA, 3' end 
gi3109201gb|L19255.1|TOBCARANHY310920 

M94135 
Nicotiana tabacum chloroplast carbonic anhydrase gene, 

complete cods 
gil 1702181gb|M94135.1|TOBCLCAA170218 

AY97460 
Nicotiana benthamiana clone 30F62 chloroplast carbonic 

anhydrase mRNA, partial cds; nuclear gene for chlo 
roplast product 

gil 62865756Igb|AY974608.1162865756) 
AY974607 

Nicotiana benthamiana clone 30C84 chloroplast carbonic 
anhydrase mRNA, partial cds; nuclear gene for chlo 
roplast product 

gil 62865754gb|AY974607.1162865754 
AY974606 

Nicotiana benthamiana clone 30B10 chloroplast carbonic 
anhydrase mRNA, partial cds; nuclear gene for chlo 
roplast product 

gil 62865752gb|AY974606.1162865752) 
Barley (Hordeum) 
L36959 
Hordeum vulgare carbonic anhydrase mRNA, complete 

cds 
gi558498gb|L36959.1|BLYCA558498 

Cotton (Gossypium) 
AF132855 

Gossypium hirsutum carbonic anhydrase isoform 2 (CA2) 
mRNA, partial cds, nuclear gene for plastid product 

gi4754914 Igb|AF132855.1|AF1328554754914 
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AF132854 
Gossypium hirsutum carbonic anhydrase isoform 1 (CA1) 
mRNA, partial cds, nuclear gene for plastid product 

gi4754912gb|AF132854.1|AF132854(4754912 
Poplar 
U55837 

Populus tremulaxPopulus tremuloides carbonic anhy 
drase (CA1a) mRNA, nuclear gene encoding chloro 
plast protein, complete cas 

gil 1354514 Igb|U55837.1|PTU55837|1354514) 
U55838 

Populus tremulaxPopulus tremuloides carbonic anhy 
drase (CA1b) mRNA, nuclear gene encoding chloro 
plast protein, complete cas 

gil 1354516Igb|U55838.1|PTU55838||1354516) 
Cucumis 
DQ641132 

Cucumis sativus clone CU8F3 carbonic anhydrase 
mRNA, partial cds 

gil 1176631591gb|DQ641132.1||117663159) 
Lycopersicon 
A.J8493.76 

Lycopersicon esculentum mRNA for chloroplast carbonic 
anhydrase (ca2 gene) gi56562176 lemb|AJ849376.1 
56562176 

A.J84.9375 
Lycopersicon esculentum mRNA for carbonic anhydrase 

(cal gene) 
gi56562174|emb|AJ84.9375.1||56562174 

Medicago 
X93312 

M. sativa mRNA for carbonic anhydrase 
gil 1938226 emb|X933 12.1||1938226 

Phaseolus 
AJ547634 

Phaseolus vulgaris partial mRNA for carbonic anhydrase 
(ca gene) 

gi28556429|emb|AJ547634.1||28556429 
Pisun 
X52558 

Pea cap mRNA for carbonic anhydrase (EC 4.2.1.1) 
gi20672|emb|X52558.1||20672 

M63627 
P. sativum carbonic anhydrase mRNA, complete cds 
gil 1690561gb|M63627.1|PEACAMRA169056 

Pyrus 
AF195.204 

Pyrus pyrifolia strain Whangkeumbae carbonic anhydrase 
isoform 1 (CA1) mRNA, complete cds 

gi8698882gb|AF195204.1|AF1952048698882 
Prunus 
EF64O698 

Prunus dulcis clone Pdbcs-E45 putative carbonic anhy 
drase mRNA, partial cds 
gil 148807206 lgb|EF640698.1 148807206 

Vigna 
AF1394.64 

Vigna radiata carbonic anhydrase (CipCal) mRNA, com 
plete cods; nuclear gene for chloroplast product 

gi8954288gb|AF139464.2AF1394648954288 
Carbonic anhydrase encoding nucleic acids from any 

carbonic anhydrase gene, e.g., including plant and bacterial 
genes, can be used to practice this invention; for example, a 
nucleic acid from any carbonic anhydrase gene of any plant 
can be used, including any carbonic anhydrase-encoding 
nucleic acid sequence from any gene family of Arabidopsis, 
e.g., any carbonic anhydrase-encoding nucleic acid 
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sequence from an Arabidopsis family, e.g., from Arabidop 
sis thaliana, can be used to practice the compositions and 
methods of this invention, such as the exemplary carbonic 
anhydrase-encoding nucleic acid sequences (see Example 6. 
below): 

Carbonic anhydrase encoding nucleic acids: 

Official 
Gene family AGI number Nomenclature designation 

alpha (C) At3g52720 AtOCA1 SEQ ID NO: 21 
At2g28210 AtOCA2 SEQ ID NO: 22 
At5g.04180 AtOCA3 SEQ ID NO: 23 
AtAg20990 AtOCA4 SEQ ID NO: 24 
At1g08065 AtCCAS SEQ ID NO: 25 
At4g21000 AtOCA6 SEQ ID NO: 26 
At1g08080 AtoCA7 SEQ ID NO: 27 
At5g56330 AtOCA8 SEQ ID NO: 28 

beta (B) At3g01500 At?CA1 CA1 (SEQ ID NO: 7) 
At5g 14740 At?CA2 CA2 (SEQ ID NO: 20) 
At1g23730 At?CA3 SEQ ID NO: 29 
Atlg70410 At?CA4 CA4 (SEQ ID NO: 1) 
AtAg33580 At?CA5 SEQ ID NO:30 
At1g5818O At?CA6 CA6 (SEQ ID NO: 4) 

gamma (Y) At1g 19580 AtyCA1 SEQ ID NO: 31 
Atlg47260 AtyCA2 SEQ ID NO:32 
At5g66510 AtyCA3 SEQ ID NO: 33 
At5g63510 AtyCAL1 SEQ ID NO: 34 
At3.g48680 AtyCAL2 SEQ ID NO:35 

* Arabidopsis thaiana Genome Initiative locus numbers 
b according to Fabre N. et al. (2007) Plant, Cell Environment 30: 617-629; or from The 
Arabidopsis Information Resource web site (Carnegie Institution for Science, Department 
of Plant Biology, Stanford, CA, funded by the National Science Foundation). 

Accordingly, in alternative aspects, any carbonic anhy 
drase (carbonate dehydratase) can be used to practice this 
invention. 
Generating and Manipulating Nucleic Acids 

In alternative aspects, the invention provides, e.g., iso 
lated, synthetic and/or recombinant nucleic acids encoding 
novel CO sensor genes and coding sequences of this inven 
tion, nucleic acids (e.g., siRNA, microRNA, antisense) that 
can inhibit the expression of CO sensor genes or messages, 
and guard cell specific transcriptional regulatory elements, 
Such as promoters. The nucleic acids of the invention can be 
made, isolated and/or manipulated by, e.g., cloning and 
expression of cDNA libraries, amplification of message or 
genomic DNA by PCR, and the like. 
The nucleic acids used to practice this invention, whether 

RNA, iRNA, antisense nucleic acid, cDNA, genomic DNA, 
vectors, viruses or hybrids thereof, may be isolated from a 
variety of sources, genetically engineered, amplified, and/or 
expressed/generated recombinantly. Recombinant polypep 
tides (e.g., glycosyl hydrolases of the invention) generated 
from these nucleic acids can be individually isolated or 
cloned and tested for a desired activity. Any recombinant 
expression system can be used, including bacterial, fungal, 
mammalian, yeast, insect or plant cell expression systems. 

Alternatively, these nucleic acids can be synthesized in 
vitro by well-known chemical synthesis techniques, as 
described in, e.g., Adams (1983) J. Am. Chem. Soc. 105: 
661; Belousov (1997) Nucleic Acids Res. 25:3440-3444; 
Frenkel (1995) Free Radic. Biol. Med. 19:373-380: Blom 
mers (1994) Biochemistry 33:7886-7896; Narang (1979) 
Meth. Enzymol. 68:90; Brown (1979) Meth. Enzymol. 
68:109; Beaucage (1981) Tetra. Lett. 22:1859; U.S. Pat. No. 
4,458,066. 

Techniques for the manipulation of nucleic acids, such as, 
e.g., Subcloning, labeling probes (e.g., random-primer label 
ing using Klenow polymerase, nick translation, amplifica 
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tion), sequencing, hybridization and the like are well 
described in the Scientific and patent literature, see, e.g., 
Sambrook, ed., MOLECULAR CLONING: A LABORA 
TORY MANUAL (2ND ED.), Vols. 1-3, Cold Spring Har 
bor Laboratory, (1989); CURRENT PROTOCOLS IN 
MOLECULAR BIOLOGY, Ausubel, ed. John Wiley & 
Sons, Inc., New York (1997); LABORATORY TECH 
NIQUES IN BIOCHEMISTRY AND MOLECULAR 
BIOLOGY: HYBRIDIZATION WITH NUCLEIC ACID 
PROBES, Part I. Theory and Nucleic Acid Preparation, 
Tijssen, ed. Elsevier, N.Y. (1993). 

Another useful means of obtaining and manipulating 
nucleic acids used to practice the methods of the invention 
is to clone from genomic samples, and, if desired, Screen and 
re-clone inserts isolated or amplified from, e.g., genomic 
clones or cDNA clones. Sources of nucleic acid used in the 
methods of the invention include genomic or cDNA libraries 
contained in, e.g., mammalian artificial chromosomes 
(MACs), see, e.g., U.S. Pat. Nos. 5,721,118; 6,025,155: 
human artificial chromosomes, see, e.g., Rosenfeld (1997) 
Nat. Genet. 15:333-335; yeast artificial chromosomes 
(YAC); bacterial artificial chromosomes (BAC); P1 artificial 
chromosomes, see, e.g., Woon (1998) Genomics 50:306 
316; P1-derived vectors (PACs), see, e.g., Kern (1997) 
Biotechniques 23:120-124; cosmids, recombinant viruses, 
phages or plasmids. 
The invention provides fusion proteins and nucleic acids 

encoding them. A polypeptide of the invention can be fused 
to a heterologous peptide or polypeptide, such as N-terminal 
identification peptides which impart desired characteristics, 
Such as fluorescent detection, increased stability and/or 
simplified purification. Peptides and polypeptides of the 
invention can also be synthesized and expressed as fusion 
proteins with one or more additional domains linked thereto 
for, e.g., producing a more immunogenic peptide, to more 
readily isolate a recombinantly synthesized peptide, to iden 
tify and isolate antibodies and antibody-expressing B cells, 
and the like. Detection and purification facilitating domains 
include, e.g., metal chelating peptides Such as polyhistidine 
tracts and histidine-tryptophan modules that allow purifica 
tion on immobilized metals, protein A domains that allow 
purification on immobilized immunoglobulin, and the 
domain utilized in the FLAGS extension/affinity purification 
system (Immunex Corp, Seattle Wash.). The inclusion of a 
cleavable linker sequences Such as Factor Xa or enteroki 
nase (Invitrogen, San Diego Calif.) between a purification 
domain and the motif-comprising peptide or polypeptide to 
facilitate purification. For example, an expression vector can 
include an epitope-encoding nucleic acid sequence linked to 
six histidine residues followed by a thioredoxin and an 
enterokinase cleavage site (see e.g., Williams (1995) Bio 
chemistry 34:1787-1797; Dobeli (1998) Protein Expr. Purif 
12:404-414). The histidine residues facilitate detection and 
purification while the enterokinase cleavage site provides a 
means for purifying the epitope from the remainder of the 
fusion protein. Technology pertaining to vectors encoding 
fusion proteins and application of fusion proteins are well 
described in the scientific and patent literature, see e.g., 
Kroll (1993) DNA Cell. Biol., 12:441-53. 

Nucleic acids or nucleic acid sequences of the invention 
can be an oligonucleotide, nucleotide, polynucleotide, or to 
a fragment of any of these, to DNA or RNA of genomic or 
synthetic origin which may be single-stranded or double 
Stranded and may represent a sense or antisense Strand, to 
peptide nucleic acid (PNA), or to any DNA-like or RNA 
like material, natural or synthetic in origin. The phrases 
“nucleic acid' or “nucleic acid sequence' includes oligo 
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38 
nucleotide, nucleotide, polynucleotide, or to a fragment of 
any of these, to DNA or RNA (e.g., mRNA, rRNA, tRNA, 
iRNA) of genomic or synthetic origin which may be single 
Stranded or double-stranded and may represent a sense or 
antisense Strand, to peptide nucleic acid (PNA), or to any 
DNA-like or RNA-like material, natural or synthetic in 
origin, including, e.g., iRNA, ribonucleoproteins (e.g., e.g., 
double stranded iRNAs, e.g., iRNPs). The term encom 
passes nucleic acids, i.e., oligonucleotides, containing 
known analogues of natural nucleotides. The term also 
encompasses nucleic-acid-like structures with synthetic 
backbones, see e.g., Mata (1997) Toxicol. Appl. Pharmacol. 
144:189-197; Strauss-Soukup (1997) Biochemistry 
36:8692-8698; Samstag (1996) Antisense Nucleic Acid 
Drug Dev 6:153-156. “Oligonucleotide' includes either a 
single stranded poly deoxynucleotide or two complementary 
polydeoxynucleotide Strands that may be chemically syn 
thesized. Such synthetic oligonucleotides have no 5' phos 
phate and thus will not ligate to another oligonucleotide 
without adding a phosphate with an ATP in the presence of 
a kinase. A synthetic oligonucleotide can ligate to a fragment 
that has not been dephosphorylated. 

In alternative aspects, the term gene means the segment of 
DNA involved in producing a polypeptide chain; it can 
include regions preceding and following the coding region 
(leader and trailer) as well as, where applicable, intervening 
sequences (introns) between individual coding segments 
(exons). “Operably linked' can refer to a functional rela 
tionship between two or more nucleic acid (e.g., DNA) 
segments. In alternative aspects, it can refer to the functional 
relationship of transcriptional regulatory sequence to a tran 
scribed sequence. For example, a promoter is operably 
linked to a coding sequence, such as a nucleic acid of the 
invention, if it stimulates or modulates the transcription of 
the coding sequence in an appropriate host cell or other 
expression system. In alternative aspects, promoter tran 
Scriptional regulatory sequences can be operably linked to a 
transcribed sequence where they can be physically contigu 
ous to the transcribed sequence, i.e., they can be cis-acting. 
In alternative aspects, transcriptional regulatory sequences, 
Such as enhancers, need not be physically contiguous or 
located in close proximity to the coding sequences whose 
transcription they enhance. 

In alternative aspects, the invention provides "expression 
cassette' comprising a nucleotide sequence of this inven 
tion, which can be capable of affecting expression of the 
nucleic acid, e.g., a structural gene (i.e., a protein coding 
sequence of the invention) in a host compatible with Such 
sequences. Expression cassettes can include at least a pro 
moter operably linked with the polypeptide coding 
sequence; and, in one aspect, with other sequences, e.g., 
transcription termination signals. Additional factors neces 
sary or helpful in effecting expression may also be used, e.g., 
enhancers. In alternative aspects, expression cassettes also 
include plasmids, expression vectors, recombinant viruses, 
any form of recombinant “naked DNA vector, and the like. 
In alternative aspects, a “vector of the invention can 
comprise a nucleic acid that can infect, transfect, transiently 
or permanently transduce a cell. In alternative aspects, a 
vector can be a naked nucleic acid, or a nucleic acid 
complexed with protein or lipid. In alternative aspects, 
vectors comprise viral or bacterial nucleic acids and/or 
proteins, and/or membranes (e.g., a cell membrane, a viral 
lipid envelope, etc.). In alternative aspects, vectors include, 
but are not limited to replicons (e.g., RNA replicons, bac 
teriophages) to which fragments of DNA may be attached 
and become replicated. Vectors thus include, but are not 
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limited to RNA, autonomous self-replicating circular or 
linear DNA or RNA (e.g., plasmids, viruses, and the like, 
see, e.g., U.S. Pat. No. 5.217.879), and include both the 
expression and non-expression plasmids. In alternative 
aspects, the vector may either be stably replicated by the 
cells during mitosis as an autonomous structure, or is 
incorporated within the host’s genome. 

In alternative aspects, “promoter” used to practice this 
invention include all sequences capable of driving transcrip 
tion of a coding sequence in a cell, e.g., a plant cell. Thus, 
promoters used in the constructs of the invention include 
cis-acting transcriptional control elements and regulatory 
sequences that are involved in regulating or modulating the 
timing and/or rate of transcription of a gene. For example, a 
promoter used to practice this invention can be a cis-acting 
transcriptional control element, including an enhancer, a 
promoter, a transcription terminator, an origin of replication, 
a chromosomal integration sequence, 5' and 3' untranslated 
regions, or an intronic sequence, which are involved in 
transcriptional regulation. These cis-acting sequences typi 
cally interact with proteins or other biomolecules to carry 
out (turn on/off, regulate, modulate, etc.) transcription. 
“Constitutive' promoters used to practice this invention can 
be those that drive expression continuously under most 
environmental conditions and states of development or cell 
differentiation. “Inducible' or “regulatable' promoters used 
to practice this invention can direct expression of the nucleic 
acid of the invention under the influence of environmental 
conditions or developmental conditions. Examples of envi 
ronmental conditions that may affect transcription by induc 
ible promoters used to practice this invention include 
anaerobic conditions, elevated temperature, drought, or the 
presence of light. "Tissue-specific' promoters used to prac 
tice this invention can be transcriptional control elements 
that are only active in particular cells or tissues or organs, 
e.g., in plants or animals. Tissue-specific regulation may be 
achieved by certain intrinsic factors that ensure that genes 
encoding proteins specific to a given tissue are expressed. 

“Hybridization” refers to the process by which a nucleic 
acid strand joins with a complementary Strand through base 
pairing. Hybridization reactions can be sensitive and selec 
tive so that a particular sequence of interest can be identified 
even in samples in which it is present at low concentrations. 
Suitably stringent conditions can be defined by, for example, 
the concentrations of salt or formamide in the prehybridiza 
tion and hybridization solutions, or by the hybridization 
temperature and are well known in the art. In particular, 
stringency can be increased by reducing the concentration of 
salt, increasing the concentration of formamide, or raising 
the hybridization temperature. In alternative aspects, nucleic 
acids of the invention are defined by their ability to hybridize 
under various stringency conditions (e.g., high, medium, and 
low), as set forth herein. 

For example, hybridization under high Stringency condi 
tions could occur in about 50% formamide at about 37° C. 
to 42° C. Hybridization could occur under reduced strin 
gency conditions in about 35% to 25% formamide at about 
30° C. to 35° C. In particular, hybridization could occur 
under high stringency conditions at 42°C. in 50% forma 
mide, 5xSSPE, 0.3% SDS and 200 ug/ml sheared and 
denatured salmon sperm DNA. Hybridization could occur 
under reduced Stringency conditions as described above, but 
in 35% formamide at a reduced temperature of 35°C. The 
temperature range corresponding to a particular level of 
stringency can be further narrowed by calculating the purine 
to pyrimidine ratio of the nucleic acid of interest and 
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adjusting the temperature as desired. Variations on the above 
ranges and conditions are well known in the art. 

Protein and/or nucleic acid sequence homologies may be 
evaluated using any of the variety of sequence comparison 
algorithms and programs known in the art. Such algorithms 
and programs include, but are by no means limited to, 
TBLASTN, BLASTP, FASTA, TFASTA and CLUSTALW 
(Pearson and Lipman, Proc. Natl. Acad. Sci. USA 85 (8): 
2444-2448, 1988: Altschul et al., J. Mol. Biol. 215(3):403 
410, 1990; Thompson et al., Nucleic Acids Res. 22(2):4673 
4680, 1994; Higgins et al., Methods Enzymol. 266:383-402, 
1996; Altschul et al., J. Mol. Biol. 215(3):403-410, 1990; 
Altschul et al., Nature Genetics 3:266-272, 1993). 
Homology or identity is often measured using sequence 

analysis Software (e.g., Sequence Analysis Software Pack 
age of the Genetics Computer Group, University of Wis 
consin Biotechnology Center, 1710 University Avenue, 
Madison, Wis. 53705). Such software matches similar 
sequences by assigning degrees of homology to various 
deletions, substitutions and other modifications. The terms 
“homology” and “identity” in the context of two or more 
nucleic acids or polypeptide sequences, refer to two or more 
sequences or Subsequences that are the same or have a 
specified percentage of amino acid residues or nucleotides 
that are the same when compared and aligned for maximum 
correspondence over a comparison window or designated 
region as measured using any number of sequence compari 
son algorithms or by manual alignment and visual inspec 
tion. 
One example of a useful algorithm is BLAST and BLAST 

2.0 algorithms, which are described in Altschul et al., Nuc. 
Acids Res. 25:3389-3402, 1977 and Altschul et al., J. Mol. 
Biol. 215:403-410, 1990, respectively. Software for per 
forming BLAST analyses is publicly available through the 
National Center for Biotechnology Information. This algo 
rithm involves first identifying high scoring sequence pairs 
(HSPs) by identifying short words of length W in the query 
sequence, which either match or satisfy some positive 
valued threshold score T when aligned with a word of the 
same length in a database sequence. T is referred to as the 
neighborhood word score threshold (Altschul et al., supra). 
These initial neighborhood word hits act as seeds for initi 
ating searches to find longer HSPs containing them. The 
word hits are extended in both directions along each 
sequence for as far as the cumulative alignment score can be 
increased. Cumulative scores are calculated using, for 
nucleotide sequences, the parameters M (reward score for a 
pair of matching residues; always-0). For amino acid 
sequences, a scoring matrix is used to calculate the cumu 
lative score. Extension of the word hits in each direction are 
halted when: the cumulative alignment score falls off by the 
quantity X from its maximum achieved value; the cumula 
tive score goes to Zero or below, due to the accumulation of 
one or more negative-scoring residue alignments; or the end 
of either sequence is reached. The BLAST algorithm param 
eters W. T and X determine the sensitivity and speed of the 
alignment. The BLASTN program (for nucleotide 
sequences) uses as defaults a wordlength (W) of 11, an 
expectation (E) of 10, M-5, N=-4 and a comparison of both 
Strands. For amino acid sequences, the BLASTP program 
uses as defaults a wordlength of 3 and expectations (E) of 10 
and the BLOSUM62 scoring matrix (see Henikoff & 
Henikoff, Proc. Natl. Acad. Sci. USA 89:10915, 1989) 
alignments (B) of 50, expectation (E) of 10, M=5, N=-4 and 
a comparison of both Strands. 

In one aspect, protein and nucleic acid sequence homolo 
gies are evaluated using the Basic Local Alignment Search 
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Tool (“BLAST) In particular, five specific BLAST pro 
grams are used to perform the following task: 

(1) BLASTP and BLAST3 compare an amino acid query 
sequence against a protein sequence database; 

(2) BLASTN compares a nucleotide query sequence 
against a nucleotide sequence database; 

(3) BLASTX compares the six-frame conceptual transla 
tion products of a query nucleotide sequence (both 
strands) against a protein sequence database; 

(4) TBLASTN compares a query protein sequence against 
a nucleotide sequence database translated in all six 
reading frames (both Strands); and 

(5) TBLASTX compares the six-frame translations of a 
nucleotide query sequence against the six-frame trans 
lations of a nucleotide sequence database. 

Polypeptides and Peptides 
In one aspect, the invention provides isolated, synthetic or 

recombinant polypeptides and peptides having CO sensor 

Full-length COSen cDNA 
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activity, or polypeptides and peptides capable of generating 
an antibody that specifically binds to a CO, sensor, including 
a CO sensor of this invention, including the amino acid 
sequences of the invention, which include those having at 
least 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 
59%, 60%, 61%, 62%, 63%, 64%. 65%, 66%, 67%, 68%, 
69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 
79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 
99% or more, or 100% (complete) sequence identity to an 
exemplary CO sensor polypeptide of the invention. 

For example, exemplary sequences of this invention 
include: 
CA4Atlg70410 COSen Protein-Encoding Gene (COSen), 
Coding Nucleic Acid Sequence (SEQ ID NO:1): 

Encodes: CO-Response Protein 2 (CORP2) (SEQ ID 
NO:3). 

Also designated “CA4, or Atlg70410 or SEQID NO:1. 

(SEQ ID NO: 1) 
CGAACGGTCGTCATAATTCCTTGAAACCTCGAAAATCCAAAAACCCATATCCAATCTTCTTCCCATATAAATTAAGATTTTTATT 
TATTTATTTGTTTACTTATTTCAATTCCCAAAATCCTCTGCCTCATCATCTTCAAACTGTTACCACGTCCATAGGGTTGTCGAAG 
AGCTAGGAAGAGCCTTACCAAGAGCTTCTTCTTCCCCTAACATTTAGGTTGGTAGGAGAAGCAAAGGAAGAGATCATTTATAATG 
GCTCCTGCATTCGGAAAATGTTTCATGTTCTGCTGCGCTAAAACCTCCCCGGAAAAAGACGAAATGGCAACGGAATCGTACGAAG 
CCGCCATTAAAGGACT CAATGATCTTCTCAGTACGAAAGCGGATCTCGGAAACGTCGCCGCCGCGAAGATCAAAGCGTTGACGGC 
GGAGCTAAAGGAGCTTGACTCAAGCAATTCAGACGCAATTGAACGAATCAAGACCGGTTTTACT CAATTCAAAACCGAGAAATAT 
TTGAAGAATAGTACTTTGTTCAATCATCTTGCCAAGACTCAGACCCCAAAGTTTCTGGTGTTTGCTTGCTCTGATTCTCGAGTTT 
GTCCATCTCACATCTTGAATTTCCAACCTGGTGAGGCTTTTGTTGTCAGAAACATAGCCAATATGGTTCCACCTTTTGACCAGAA 
GAGACACTCTGGAGTTGGCGCCGCCGTTGAATACGCAGTTGTACATCTCAAGGTGGAGAACATTTTGGTGATAGGCCATAGCTGC 
TGTGGTGGTATTAAGGGACTCATGTCCATTGAAGATGATGCTGCCCCAACT CAAAGTGACTTCATTGAAAATTGGGTGAAGATAG 
GCGCATCAGCGAGGAACAAGATCAAGGAGGAACATAAAGACTTGAGCTACGATGATCAATGCAACAAGTGTGAGAAGGAAGCTGT 
GAACGTATCGCTTGGAAACTTGCTTTCGTACCCATTCGTGAGAGCTGAGGTGGTGAAGAACACACTTGCAATAAGAGGAGGTCAC 
TACAATTTCGTCAAAGGAACGTTTGATCTCTGGGAGCTCGATTTCAAGACCACTCCTGCTTTTGCCTTCTCTTAAGAAAGAAAGC 
TACCGGAACATATAAAACTCTTTTGAGATAAAAAAAGACACTTTGACTCATCTTTCTTCATTCTCTCATGTTGATGATTCCTCTC 
CAACTTCTTTGATTTCTTTTTGTTAATTCAAAACTTCAACTTTGCTGCTTCTATTTCAAAAGCTCAAACAATAAAGCTGTAACCA 
ACGTTTGAAACTTCTATATTTGTCTAATTGATGTTTGAACGAAGATTTGAACTTTCCTTCT 

Full-length CO2Sen CDS 
(SEQ ID NO: 2) 

ATGGCTCCTGCATTCGGAAAATGTTTCATGTTCTGCTGCGCTAAAACCTCCCCGGAAAAAGACGAAATGGCAACGGAATCGTACG 
AAGCCGCCATTAAAGGACT CAATGATCTTCTCAGTACGAAAGCGGATCTCGGAAACGTCGCCGCCGCGAAGATCAAAGCGTTGAC 
GGCGGAGCTAAAGGAGCTTGACTCAAGCAATTCAGACGCAATTGAACGAATCAAGACCGGTTTTACT CAATTCAAAACCGAGAAA 
TATTTGAAGAATAGTACTTTGTTCAATCATCTTGCCAAGACTCAGACCCCAAAGTTTCTGGTGTTTGCTTGCTCTGATTCTCGAG 
TTTGTCCATCTCACATCTTGAATTTCCAACCTGGTGAGGCTTTTGTTGTCAGAAACATAGCCAATATGGTTCCACCTTTTGACCA 
GAAGAGACACTCTGGAGTTGGCGCCGCCGTTGAATACGCAGTTGTACATCTCAAGGTGGAGAACATTTTGGTGATAGGCCATAGC 
TGCTGTGGTGGTATTAAGGGACTCATGTCCATTGAAGATGATGCTGCCCCAACT CAAAGTGACTTCATTGAAAATTGGGTGAAGA 
TAGGCGCATCAGCGAGGAACAAGATCAAGGAGGAACATAAAGACTTGAGCTACGATGATCAATGCAACAAGTGTGAGAAGGAAGC 
TGTGAACGTATCGCTTGGAAACTTGCTTTCGTACCCATTCGTGAGAGCTGAGGTGGTGAAGAACACACTTGCAATAAGAGGAGGT 
CACTACAATTTCGTCAAAGGAACGTTTGATCTCTGGGAGCTCGATTTCAAGACCACTCCTGCTTTTGCCTTCTCTTAA 

CO2Sen Protein sequence: 
Encoded by, e.g., CA4", 

CO-Response Protein 2 (CORP2) 
or At 1g 70410 or SEQ ID NO: 1. 

(SEQ ID NO : 3) 
MAPAFGKCFMFCCAKTSPEKDEMATESYEAAIKGLNDLLSTKADLGNVAAAKIKALTAELKELDSSNSDAIERIKTGFTOFKTEK 
YLKNSTLFNHLAKTOTPKFLVFACSDSRVCPSHILNFOPGEAFVWRNIANMVPPFDOKRHSGVGAAVEYAVVHLKVENILVIGHS 
CCGGIKGLMSIEDDAAPTOSDFIENWWKIGASARNKIKEEHKDLSYDDOCNKCEKEAVNWSLGNLLSYPFVRAEVVKNTLAIRGG 
HYNFWKGTFDLWELDFKTTPAFAFS 

CA6 Atlg58180 CO-Sen Protein-Encoding Gene (COSen), 
Coding Nucleic Acid Sequence: 

Encodes SEQ ID NO:6, a CO-response protein. 

Full-length CO2Sen cDNA 
(SEQ ID NO : 4) 

CAAAATTCATGTGTTAGTTCTTCTTCTTTACAAAATTGAGTTTAAACTGTTTTATTACTAATCCAAATGAGGAATCACTTTGCA 

CTATTAATAGAAAATAATACACAACCAAACATCTAAAAGATACTATAATAGTAGAGATCAAAGACCTGAGCAAAAACTGAAAGA 
AAAAAAAAAAAAAAAAAAAAGACTTCTCCT CAAAAATGGCGTTTACACTAGGTGGAAGAGCTCGTCGTCTAGTCTCTGCAACAT 
CAGTTCATCAAAATGGTTGCTTACACAAACTGCAACAAATTGGATCGGATCGGTTTCAGCTTGGTGAAGCAAAAGCAATAAGAT 

TACTACCCAGGAGAACAAACATGGTTCAAGAATTAGGAATCAGGGAAGAATTTATGGATCTAAACAGAGAAACAGAGACAAGTT 
ATGATTTTCTGGATGAAATGAGACACAGATTTCTGAAATTCAAGAGACAAAAGTATCTACCGGAGATAGAAAAGTTTAAAGCTT 
TGGCCATAGCTCAATCACCAAAGGTAATGGTGATAGGATGTGCAGATTCAAGGGTATGTCCATCTTATGTACTAGGATTTCAAC 

CTGGTGAAGCTTTTACTATCCGAAATGTCGCCAATCTCGTTACCCCGGTTCAGAATGGACCAACAGAAACCAACTCGGCTCTTG 
AGTTTGCGGTCACCACTCTTCAGGTTGAGAACATTATAGTTATGGGTCATAGCAATTGTGGAGGAATTGCAGCACTTATGAGTC 
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- Continued 
Protein Sequence for CO2-Response Protein 1 (CORP1) 
Encoded by, e.g., the gene (coding sequence) 
or At3g O1500 or SEQ ID NO: 7. 

46 

designated CA1", 

(SEO ID NO: 9) 
MSTAPLSGFFLTSLSPSOSSLOKLSLRTSSTWACLPPASSSSSSSSSSSSRSVPTLIRNEPWFAAPAPIIAPYWSEEMGTEAYDEAT 
EALKKLLIEKEELKTVAAAKVEOITAALOTGTSSDKKAFDPVETIKOGFIKFKKEKYETNPALYGELAKGOSPKYMVFACSDSRVCP 
SHVLDFOPGDAFVWRNIANMVPPFDKWKYGGVGAAIEYAVLHLKVENIVVIGHSACGGIKGLMSFPLDGNNSTDFIEDWWKICLPAK 
SKVISELGDSAFEDOCGRCEREAVNWSLANLLTYPFVREGLVKGTLALKGGYYDFWKGAFELWGLEFGLSETSSVKDVATILHWKL 

Guard Cell Promoter of this Invention (SEQ ID NO:10): 

(SEQ ID NO: 10) 
GAGTAAAGATTCAGTAACCCGATGCTCCTGCTCTTCCTCAAGACCTTCCTTGATTCGCCGCCGGTATGTTCTCCGTCTGTGGTA 

GCGCCTTTGGAACACTCTACCAACGCCGCCATGAAAGGATCTCTCATGGCCGCAGGGGACGTGTTCTTCTTACATCTGGTGTTA 

GGGCTATGGTTACTCCAGTGAGGAGGGAGAGGCAAGAGGTTGCTTAATGATTCGTTTTTCCGGTGATACGAGAACTCTTTAGGT 

TTACCGGGAAGCTTTTCCCATGAAAATGGGATGCCAAGTGGATGGAGAGGAGTTGCCGGAGAGTTGCCGGAGAATAGGAGGGAA 

TTGGAGGAGGAGGAAGAGAGTGATCGCCGGGTTGAAATGTTAACCGTCGAGGAGAATTTGACCGAGTTGGATCGTCTAGTAGGT 

ACAATTCGGGTCCTTGGCGAAGTATCCATtcaaaatagtgtttagttittgg acttgagaacttgttgttctotttgatctottitt 

atataaaactittggacgtgtaggacaaacttgtcaa.cataagaaacaaaatggttgcaacagagaggatgaatttataagttitt 

caac accqcttitt cittatt agacggacaacaatctatagtggagtaaatttittatttittggtaaaatggittagtgaattcaaat 

atctaaattittgttgact cactaacattaacaaatatgcataagacataaaaaaaagaaagaataattct tatgaaacaagaaaa 

aaaacctatacaat caatctittaggaattgacgatgtagaattgtagatgataaattittct caaatatagatgggcc taatgaa 

gggtgcc.gct tattggatctgacccattttgaggacattaatatttitt cattggittataagccttittaatcaaaattgtcatta 

aattgatgtc.t.ccct ct cqggtcatttitcc tittct c cct cacaattaatgtag actittagcaatttgcacgctgtgctttgttct 

titat atttagta acacaaacattttgacttgtc.ttgtagagtttittct cittittatttittctato caatatgaaaactaaaagtg 

ttct cqtata catatattaaaattaaagaalaccitatgaaaacaccaatacaaatgcgatattgttitt cagttcgacgttt catg 

tttgttagaaaatttctaatgacgtttgtataaaatagacaattaaacgc.caaacact acatctgtgttitt cqaacaat attgc 

gtctg.cgttt cott catctat ct ct ct cagtgtcacaatgtctgaactaagagacagotgtaaact atcattalagacataaact 

accaaagtat caagctaatgtaaaaattact citcattt coacgtaacaaattgagttagcttaagatattagtgaaactaggitt 

tgaattitt cittcttcttct tccatgcatcct c cqaaaaaagggaaccaatcaaaactgtttgcatat caaact coaacactitta 

cagdaaatgcaatctataatctgttgattitatic caataaaaacctgttgattitatgtttggctic cagogatgaaagtictatgcatg 

tgat ct citat coaacatgagtaattgttcagaaaataaaaagtagctgaaatgitat citatataaagaat catccacaagtacta 

ttitt cacacact acttcaaaat cactact caagaaat 

Alternative Guard Cell Promoter of this Invention (SEQ ID 
NO:11), a Truncated, but “Stronger, Promoter than the SEQ 

- Continued 

ID NO:10 Promoter: 

(SEQ ID NO: 
atggttgcaa.ca.gagaggatgaatttataagttittcaacaccqcttittc 

ttattagacggacaacaatctatagtggagtaaattitt tatttittggta 

aaatggittagtgaattcaaatat ctaaattttgttgact cactaac atta 

acaaatatgcataagacataaaaaaaagaaagaataattct tatgaaac 

aagaaaaaaaac ctatacaat caat ctittaggaattgacgatgtagaat 

tgtagatgataaattitt Ctcaaatatagatgggcctaatgaagggtgcc 

gct tattggatctgacc cattttgaggacattaatattitt cattggitta 

taagcc ttittaatcaaaattgtcattaaattgatgtct coctotcgggit 

catttitcc tittct c cct caca attaatgtag actittagcaatttgcacg 

11) 

50 

55 
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ctgtgctttgtctittatatttagtaacacaaacattttgacttgtc.ttg 

tagagtttitt citcttittatttitt citatccalatatgaaaactaaaagtgt 

totcgtatacatatattaaaattaaagaaacctatogaaaacac caatac 

aaatgcgatattgttitt cagttcgacgttt catgtttgttagaaaattit 

ctaatgacgtttgtataaaatagacaattaaacgc.caaacact acat ct 

gtgttitt.cgaacaat attgcgtctg.cgttt cott catctat ct ct ct ca 

gtgtcacaatgtctgaactaagagacagctgtaalactat cattaagaca 

taaactaccaaagtat caa.gctaatgtaaaaattact ct catttic cacg 

taacaaattgagttagcttaagatattagtgaaactaggitttgaattitt 

cittcttcttct tccatgcatcct cogaaaaaagggalaccaatcaaaact 

gtttgcatat caaactic caac actttacagcaaatgcaatctataatct 
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- Continued 

gtgattitatic caataaaaacctgtgattitatgtttggctic cagcgatga 

aagttctatgcatgtgat ct citat coaacatgagtaattgttcagaaaat 

aaaaagtagctgaaatgitatictatataaagaatcatccacaagtact at 

titt cacacac tact tcaaaat cact acticaagaaat 

Polypeptides and peptides of the invention can be isolated 
from natural sources, be synthetic, or be recombinantly 
generated polypeptides. Peptides and proteins can be recom 
binantly expressed in vitro or in vivo. The peptides and 
polypeptides of the invention can be made and isolated using 
any method known in the art. Polypeptide and peptides of 
the invention can also be synthesized, whole or in part, using 
chemical methods well known in the art. See e.g., Caruthers 
(1980) Nucleic Acids Res. Symp. Ser. 215-223; Horn (1980) 
Nucleic Acids Res. Symp. Ser. 225-232; Banga, A. K. 
Therapeutic Peptides and Proteins. Formulation, Processing 
and Delivery Systems (1995) Technomic Publishing Co., 
Lancaster, Pa. For example, peptide synthesis can be per 
formed using various solid-phase techniques (see e.g., Rob 
erge (1995) Science 269:202: Merrifield (1997) Methods 
Enzymol. 289:3-13) and automated synthesis may be 
achieved, e.g., using the ABI 431 A Peptide Synthesizer 
(PerkinElmer) in accordance with the instructions provided 
by the manufacturer. 

The peptides and polypeptides of the invention can also 
be glycosylated. The glycosylation can be added post 
translationally either chemically or by cellular biosynthetic 
mechanisms, wherein the later incorporates the use of 
known glycosylation motifs, which can be native to the 
sequence or can be added as a peptide or added in the nucleic 
acid coding sequence. The glycosylation can be O-linked or 
N-linked. 

In alternative aspects, amino acids and/or amino acid 
sequences of this invention include an oligopeptide, peptide, 
polypeptide, or protein sequence, or to a fragment, portion, 
or Subunit of any of these and to naturally occurring or 
synthetic molecules. In alternative aspects, polypeptides of 
the invention are amino acids joined to each other by peptide 
bonds or modified peptide bonds and may contain modified 
amino acids other than the 20 gene-encoded amino acids. 
The polypeptides may be modified by either natural pro 
cesses. Such as post-translational processing, or by chemical 
modification techniques that are well known in the art. 
Modifications can occur anywhere in the polypeptide, 
including the peptide backbone, the amino acid side-chains 
and the amino or carboxyl termini. It will be appreciated that 
the same type of modification may be present in the same or 
varying degrees at several sites in a given polypeptide. Also 
a given polypeptide may have many types of modifications. 
Modifications include acetylation, acylation, ADP-ribosy 
lation, amidation, covalent attachment of flavin, covalent 
attachment of a heme moiety, covalent attachment of a 
nucleotide or nucleotide derivative, covalent attachment of 
a lipid or lipid derivative, covalent attachment of a phos 
phatidylinositol, cross-linking cyclization, disulfide bond 
formation, demethylation, formation of covalent cross-links, 
formation of cysteine, formation of pyroglutamate, formy 
lation, gamma-carboxylation, glycosylation, GPI anchor for 
mation, hydroxylation, iodination, methylation, myristolya 
tion, oxidation, pegylation, phosphorylation, prenylation, 
racemization, selenoylation, Sulfation and transfer-RNA 
mediated addition of amino acids to protein Such as argin 
ylation. See for example, Creighton, T. E. Proteins—Struc 
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48 
ture and Molecular Properties 2nd Ed., W.H. Freeman and 
Company, New York (1993); Posttranslational Covalent 
Modification of Proteins, B. C. Johnson, Ed., Academic 
Press, New York, pp. 1-12 (1983)). 
The peptides and polypeptides of the invention, as defined 

above, include all “mimetic' and "peptidomimetic' forms. 
The terms “mimetic' and "peptidomimetic' refer to a syn 
thetic chemical compound which has Substantially the same 
structural and/or functional characteristics of the polypep 
tides of the invention. The mimetic can be either entirely 
composed of synthetic, non-natural analogues of amino 
acids, or, is a chimeric molecule of partly natural peptide 
amino acids and partly non-natural analogs of amino acids. 
The mimetic can also incorporate any amount of natural 
amino acid conservative Substitutions as long as such Sub 
stitutions also do not substantially alter the mimetic's struc 
ture and/or activity. As with polypeptides of the invention 
which are conservative variants, routine experimentation 
will determine whether a mimetic is within the scope of the 
invention, i.e., that its structure and/or function is not 
Substantially altered. Thus, in one aspect, a mimetic com 
position is within the scope of the invention if it has a CO 
sensor activity. 

Polypeptide mimetic compositions of the invention can 
contain any combination of non-natural structural compo 
nents. In alternative aspect, mimetic compositions of the 
invention include one or all of the following three structural 
groups: a) residue linkage groups other than the natural 
amide bond ("peptide bond') linkages; b) non-natural resi 
dues in place of naturally occurring amino acid residues; or 
c) residues which induce secondary structural mimicry, i.e., 
to induce or stabilize a secondary structure, e.g., a beta turn, 
gamma turn, beta sheet, alpha helix conformation, and the 
like. For example, a polypeptide of the invention can be 
characterized as a mimetic when all or some of its residues 
are joined by chemical means other than natural peptide 
bonds. Individual peptidomimetic residues can be joined by 
peptide bonds, other chemical bonds or coupling means, 
Such as, e.g., glutaraldehyde, N-hydroxySuccinimide esters, 
bifunctional maleimides, N,N'-dicyclohexylcarbodiimide 
(DCC) or N,N'-diisopropylcarbodiimide (DIC). Linking 
groups that can be an alternative to the traditional amide 
bond ("peptide bond') linkages include, e.g., ketomethylene 
(e.g., -C(=O)—CH2— for —C(=O)—NH ), aminom 
ethylene (CH NH), ethylene, olefin (CH=CH), ether 
(CH O), thioether (CH-S), tetrazole (CN ), thiazole, 
retroamide, thioamide, or ester (see, e.g., Spatola (1983) in 
Chemistry and Biochemistry of Amino Acids, Peptides and 
Proteins, Vol. 7, pp. 267-357, “Peptide Backbone Modifica 
tions.” Marcell Dekker, NY). 
A polypeptide of the invention can also be characterized 

as a mimetic by containing all or some non-natural residues 
in place of naturally occurring amino acid residues. Non 
natural residues are well described in the scientific and 
patent literature; a few exemplary non-natural compositions 
useful as mimetics of natural amino acid residues and 
guidelines are described below. Mimetics of aromatic amino 
acids can be generated by replacing by, e.g., D- or L-na 
phylalanine: D- or L-phenylglycine; D- or L-2 thieneylala 
nine, D- or L-1, -2, 3-, or 4-pyreneylalanine, D- or L-3 
thieneylalanine: D- or L-(2-pyridinyl)-alanine: D- or L-(3- 
pyridinyl)-alanine, D- or L-(2-pyrazinyl)-alanine; D- or 
L-(4-isopropyl)-phenylglycine; D-(trifluoromethyl)-phenyl 
glycine: D-(trifluoromethyl)-phenylalanine: D-p-fluoro 
phenylalanine; D- or L-p-biphenylphenylalanine, D- or L-p- 
methoxy-biphenylphenylalanine: D- or L-2-indole(alkyl) 
alanines; and, D- or L-alkylainines, where alkyl can be 
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substituted or unsubstituted methyl, ethyl, propyl, hexyl, 
butyl, pentyl, isopropyl, iso-butyl, sec-isotyl, iso-pentyl, or 
a non-acidic amino acids. Aromatic rings of a non-natural 
amino acid include, e.g., thiazolyl, thiophenyl, pyrazolyl, 
benzimidazolyl, naphthyl, furanyl, pyrrolyl, and pyridyl 
aromatic rings. 

Mimetics of acidic amino acids can be generated by 
Substitution by, e.g., non-carboxylate amino acids while 
maintaining a negative charge; (phosphono)alanine; Sulfated 
threonine. Carboxyl side groups (e.g., aspartyl or glutamyl) 
can also be selectively modified by reaction with carbodi 
imides (R' N C N R") such as, e.g., 1-cyclohexyl-3 
(2-morpholinyl-(4-ethyl) carbodiimide or 1-ethyl-3(4-azo 
nia-4,4-dimetholpentyl) carbodiimide. Aspartyl or glutamyl 
can also be converted to asparaginyl and glutaminyl residues 
by reaction with ammonium ions. Mimetics of basic amino 
acids can be generated by Substitution with, e.g., (in addition 
to lysine and arginine) the amino acids ornithine, citrulline, 
or (guanidino)-acetic acid, or (guanidino)alkyl-acetic acid, 
where alkyl is defined above. Nitrile derivative (e.g., con 
taining the CN-moiety in place of COOH) can be substituted 
for asparagine or glutamine. Asparaginyl and glutaminyl 
residues can be deaminated to the corresponding aspartyl or 
glutamyl residues. Arginine residue mimetics can be gener 
ated by reacting arginyl with, e.g., one or more conventional 
reagents, including, e.g., phenylglyoxal, 2,3-butanedione, 
1.2-cyclo-hexanedione, or ninhydrin, preferably under alka 
line conditions. Tyrosine residue mimetics can be generated 
by reacting tyrosyl with, e.g., aromatic diazonium com 
pounds or tetranitromethane. N-acetylimidizol and tetrani 
tromethane can be used to form O-acetyl tyrosyl species and 
3-nitro derivatives, respectively. Cysteine residue mimetics 
can be generated by reacting cysteinyl residues with, e.g., 
alpha-haloacetates Such as 2-chloroacetic acid or chloroac 
etamide and corresponding amines; to give carboxymethyl 
or carboxyamidomethyl derivatives. Cysteine residue 
mimetics can also be generated by reacting cysteinyl resi 
dues with, e.g., bromo-trifluoroacetone, alpha-bromo-beta 
(5-imidoZoyl) propionic acid; chloroacetyl phosphate, 
N-alkylmaleimides, 3-nitro-2-pyridyl disulfide; methyl 
2-pyridyl disulfide; p-chloromercuribenzoate: 2-chloromer 
curi-4 nitrophenol; or, chloro-7-nitrobenzo-Oxa-1,3-diazole. 
Lysine mimetics can be generated (and amino terminal 
residues can be altered) by reacting lysinyl with, e.g., 
Succinic or other carboxylic acid anhydrides. Lysine and 
other alpha-amino-containing residue mimetics can also be 
generated by reaction with imidoesters. Such as methyl 
picolinimidate, pyridoxal phosphate, pyridoxal, chloroboro 
hydride, trinitro-benzenesulfonic acid, O-methylisourea, 
2.4, pentanedione, and transamidase-catalyzed reactions 
with glyoxylate. Mimetics of methionine can be generated 
by reaction with, e.g., methionine sulfoxide. Mimetics of 
proline include, e.g., pipecolic acid, thiazolidine carboxylic 
acid, 3- or 4-hydroxy proline, dehydroproline, 3- or 4-meth 
ylproline, or 3.3,-dimethylproline. Histidine residue mimet 
ics can be generated by reacting histidyl with, e.g., diethyl 
procarbonate or para-bromophenacyl bromide. Other 
mimetics include, e.g., those generated by hydroxylation of 
proline and lysine; phosphorylation of the hydroxyl groups 
of seryl or threonyl residues; methylation of the alpha-amino 
groups of lysine, arginine and histidine; acetylation of the 
N-terminal amine; methylation of main chain amide residues 
or substitution with N-methylamino acids; or amidation of 
C-terminal carboxyl groups. 
The invention also provides methods for modifying the 

polypeptides of the invention by either natural processes, 
Such as post-translational processing (e.g., phosphorylation, 
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50 
acylation, etc), or by chemical modification techniques, and 
the resulting modified polypeptides. Modifications can occur 
anywhere in the polypeptide, including the peptide back 
bone, the amino acid side-chains and the amino or carboxyl 
termini. It will be appreciated that the same type of modi 
fication may be present in the same or varying degrees at 
several sites in a given polypeptide. Also a given polypep 
tide may have many types of modifications. Modifications 
include acetylation, acylation, ADP-ribosylation, amidation, 
covalent attachment of flavin, covalent attachment of a heme 
moiety, covalent attachment of a nucleotide or nucleotide 
derivative, covalent attachment of a lipid or lipid derivative, 
covalent attachment of a phosphatidylinositol, cross-linking 
cyclization, disulfide bond formation, demethylation, for 
mation of covalent cross-links, formation of cysteine, for 
mation of pyroglutamate, formylation, gamma-carboxy 
lation, glycosylation, GPI anchor formation, hydroxylation, 
iodination, methylation, myristolyation, oxidation, pegy 
lation, proteolytic processing, phosphorylation, prenylation, 
racemization, selenoylation, Sulfation, and transfer-RNA 
mediated addition of amino acids to protein Such as argin 
ylation. See, e.g., Creighton, T. E. Proteins—Structure and 
Molecular Properties 2nd Ed., W.H. Freeman and Company, 
New York (1993); Posttranslational Covalent Modification 
of Proteins, B. C. Johnson, Ed., Academic Press, New York, 
pp. 1-12 (1983). 

Solid-phase chemical peptide synthesis methods can also 
be used to synthesize the polypeptide or fragments of the 
invention. Such method have been known in the art since the 
early 1960's (Merrifield, R. B., J. Am. Chem. Soc., 85:2149 
2154, 1963) (See also Stewart, J. M. and Young, J. D., Solid 
Phase Peptide Synthesis, 2nd Ed., Pierce Chemical Co., 
Rockford, Ill., pp. 11-12)) and have recently been employed 
in commercially available laboratory peptide design and 
synthesis kits (Cambridge Research Biochemicals). Such 
commercially available laboratory kits have generally uti 
lized the teachings of H. M. Geysen et al. Proc. Natl. Acad. 
Sci., USA, 81:3998 (1984) and provide for synthesizing 
peptides upon the tips of a multitude of “rods” or “pins' all 
of which are connected to a single plate. When Such a system 
is utilized, a plate of rods or pins is inverted and inserted into 
a second plate of corresponding wells or reservoirs, which 
contain solutions for attaching or anchoring an appropriate 
amino acid to the pins or rod's tips. By repeating Such a 
process step, i.e., inverting and inserting the rods and pins 
tips into appropriate Solutions, amino acids are built into 
desired peptides. In addition, a number of available FMOC 
peptide synthesis systems are available. For example, 
assembly of a polypeptide or fragment can be carried out on 
a solid Support using an Applied Biosystems, Inc. Model 
431 ATM automated peptide synthesizer. Such equipment 
provides ready access to the peptides of the invention, either 
by direct synthesis or by synthesis of a series of fragments 
that can be coupled using other known techniques. 
The invention includes polypeptides of the invention with 

and without signal sequences, i.e., leader sequences. The 
polypeptide comprising a signal sequence of the invention 
can be a CO, sensor of the invention or another CO sensor 
or another enzyme or other polypeptide. 
Antibodies and Antibody-Based Screening Methods 
The invention provides isolated, synthetic or recombinant 

antibodies that specifically bind to a CO, sensor of the 
invention. These antibodies can be used to isolate, identify 
or quantify the CO sensor polypeptides of the invention or 
related polypeptides. These antibodies can be used to isolate 
other polypeptides within the scope the invention or other 
related CO sensors. The antibodies can be designed to bind 
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to an active site of a CO sensor. Thus, the invention 
provides methods of inhibiting CO sensor using the anti 
bodies of the invention. 

The invention provides fragments of the enzymes of the 
invention, including immunogenic fragments of a polypep 
tide of the invention. The invention provides compositions 
comprising a polypeptide or peptide of the invention and 
adjuvants or carriers and the like. 
The antibodies can be used in immunoprecipitation, stain 

ing, immunoaffinity columns, and the like. If desired, 
nucleic acid sequences encoding for specific antigens can be 
generated by immunization followed by isolation of poly 
peptide or nucleic acid, amplification or cloning and immo 
bilization of polypeptide onto an array of the invention. 
Alternatively, the methods of the invention can be used to 
modify the structure of an antibody produced by a cell to be 
modified, e.g., an antibody's affinity can be increased or 
decreased. Furthermore, the ability to make or modify 
antibodies can be a phenotype engineered into a cell by the 
methods of the invention. 

In alternative aspects, an antibody of the invention 
includes a peptide or polypeptide derived from, modeled 
after or Substantially encoded by an immunoglobulin gene or 
immunoglobulin genes, or fragments thereof, capable of 
specifically binding an antigen or epitope, see, e.g. Funda 
mental Immunology. Third Edition, W. E. Paul, ed., Raven 
Press, N.Y. (1993); Wilson (1994) J. Immunol. Methods 
175:267-273; Yarmush (1992) J. Biochem. Biophys. Meth 
ods 25:85-97. The term antibody includes antigen-binding 
portions, i.e., “antigen binding sites.” (e.g., fragments, Sub 
sequences, complementarity determining regions (CDRS)) 
that retain capacity to bind antigen, including (i) a Fab 
fragment, a monovalent fragment consisting of the VL, VH. 
CL and CH1 domains; (ii) a F(ab')2 fragment, a bivalent 
fragment comprising two Fab fragments linked by a disul 
fide bridge at the hinge region; (iii) a Fd fragment consisting 
of the VH and CH1 domains; (iv) a Fv fragment consisting 
of the VL and VH domains of a single arm of an antibody, 
(v) a dAb fragment (Ward et al., (1989) Nature 341:544 
546), which consists of a VH domain; and (vi) an isolated 
complementarity determining region (CDR). Single chain 
antibodies are also included by reference in the term “anti 
body.” 

Methods of immunization, producing and isolating anti 
bodies (polyclonal and monoclonal) are known to those of 
skill in the art and described in the scientific and patent 
literature, see, e.g., Coligan, CURRENT PROTOCOLS IN 
IMMUNOLOGY, Wiley/Greene, NY (1991); Stites (eds.) 
BASIC AND CLINICAL IMMUNOLOGY (7th ed.) Lange 
Medical Publications, Los Altos, Calif. (“Stites”); Goding, 
MONOCLONAL ANTIBODIES: PRINCIPLES AND 
PRACTICE (2d ed.) Academic Press, New York, N.Y. 
(1986); Kohler (1975) Nature 256:495; Harlow (1988) 
ANTIBODIES, A LABORATORY MANUAL, Cold Spring 
Harbor Publications, New York. Antibodies also can be 
generated in vitro, e.g., using recombinant antibody binding 
site expressing phage display libraries, in addition to the 
traditional in vivo methods using animals. See, e.g., Hoo 
genboom (1997) Trends Biotechnol. 15:62-70; Katz (1997) 
Annu. Rev. Biophys. Biomol. Struct. 26:27-45. 

Arrays, or “Biochips' 
Nucleic acids and/or polypeptides of the invention can be 

immobilized to or applied to an array, e.g., a “biochip'. 
Arrays can be used to screen for or monitor libraries of 
compositions (e.g., Small molecules, antibodies, nucleic 
acids, etc.) for their ability to bind to or modulate the activity 
of a nucleic acid or a polypeptide of the invention. For 
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example, in one aspect of the invention, a monitored param 
eter is transcript expression of a CO, sensor gene. One or 
more, or, all the transcripts of a cell can be measured by 
hybridization of a sample comprising transcripts of the cell, 
or, nucleic acids representative of or complementary to 
transcripts of a cell, by hybridization to immobilized nucleic 
acids on an array, or “biochip.’ By using an “array' of 
nucleic acids on a microchip, some or all of the transcripts 
of a cell can be simultaneously quantified. Alternatively, 
arrays comprising genomic nucleic acid can also be used to 
determine the genotype of a newly engineered strain made 
by the methods of the invention. Polypeptide arrays' can 
also be used to simultaneously quantify a plurality of 
proteins. The present invention can be practiced with any 
known “array.’” also referred to as a “microarray' or “nucleic 
acid array' or “polypeptide array' or “antibody array' or 
“biochip,” or variation thereof. Arrays are generically a 
plurality of “spots” or “target elements, each target element 
comprising a defined amount of one or more biological 
molecules, e.g., oligonucleotides, immobilized onto a 
defined area of a Substrate Surface for specific binding to a 
sample molecule, e.g., mRNA transcripts. 
The terms “array” or “microarray” or “biochip” or “chip” 

as used herein is a plurality of target elements, each target 
element comprising a defined amount of one or more 
polypeptides (including antibodies) or nucleic acids immo 
bilized onto a defined area of a substrate surface, as dis 
cussed in further detail, below. 

In practicing the methods of the invention, any known 
array and/or method of making and using arrays can be 
incorporated in whole or in part, or variations thereof, as 
described, for example, in U.S. Pat. Nos. 6,277.628; 6.277. 
489; 6,261,776; 6,258,606; 6,054,270; 6,048,695; 6,045, 
996; 6,022,963; 6,013,440; 5,965,452; 5,959,098: 5,856, 
174: 5,830,645; 5,770,456; 5,632,957: 5,556,752; 5,143, 
854; 5,807,522; 5,800,992; 5,744,305; 5,700,637; 5,556, 
752; 5.434,049; see also, e.g., WO 99/51773; WO99/09217; 
WO 97/46313; WO 96/17958; see also, e.g., Johnston 
(1998) Curr. Biol. 8:R171-R174: Schummer (1997) Bio 
techniques 23:1087-1092: Kern (1997) Biotechniques 
23:120-124; Solinas-Toldo (1997) Genes, Chromosomes & 
Cancer 20:399-407; Bowtell (1999) Nature Genetics Supp. 
21:25-32. See also published U.S. patent applications Nos. 
20010018642: 20010019827, 20010016322: 20010014449; 
20010014448; 20010012537; 20010008765. 
Kits and Libraries 
The invention provides kits comprising compositions and 

methods of the invention, including cells and/or fish of the 
invention, target sequences, transfecting agents, transducing 
agents, instructions (regarding the methods of the inven 
tion), or any combination thereof. As such, kits, cells, 
vectors and the like are provided herein. 
The invention provides compositions and methods for 

modulation of a plants size and/or stature, e.g., including 
selection modulation of, for example, an entire plant, or a 
particular portion of a plant, or growth rate, or seedling vigor 
allows production of plants better suited for a particular 
industry. For example, reductions in the height of specific 
crops and tree species can be beneficial by allowing easier 
harvesting. Alternatively, increasing height, thickness or 
organ size, organ number may be beneficial by providing 
more biomass useful for processing into food, feed, fuels 
and/or chemicals. Other examples of commercially desirable 
traits include increasing the length of the floral stems of cut 
flowers, increasing or altering leaf size and shape or enhanc 
ing the size of seeds and/or fruits. Changes in organ size, 
organ number and biomass also result in changes in the mass 
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of constituent molecules such as secondary products and 
convert the plants into factories for these compounds. Thus, 
the compositions and methods of the invention can be used 
to modulate plant size, vegetative growth, plant growth rate, 
organ number, plant architecture and/or biomass. 5 
The invention will be further described with reference to 

the following examples; however, it is to be understood that 
the invention is not limited to Such examples. 

EXAMPLES 10 

Example 1 

Manipulating the Exchange of Water and Carbon 
Dioxide (CO.) Through Plant Stomata by 15 

Controlling CO. Sensor Genes of the Invention 

The invention provides methods for manipulating the 
exchange of water and carbon dioxide (CO) through plant 
stomata by controlling CO sensor genes of this invention. 20 
A double mutant of Arabidopsis thaliana was con 

structed: this double mutant lacks the full-length expression 
of two homologous genes that are highly expressed in 
wildtype guard cells, according to cell-specific microarray 
analyses was constructed. 25 
The double mutant of Arabidopsis thaliana lacks the 

full-length expression of homologous genes highly 
expressed in wildtype guard cells, according to cell-specific 
microarray analyses. The COSen double mutant shows an 
impaired stomatal response as measured by real-time gas 30 
exchange analysis to changes in ICO; both with regards to 
changes from ambient 365 ppm CO to elevated 800 ppm 
CO, and from 800 ppm CO to reduced 100 ppm CO. The 
COsens-type encoded proteins bind CO. 

FIG. 1 graphically illustrates data showing stomatal con- 35 
ductance in wild-type Arabidopsis thaliana ecotype Colum 
bia and the CO, sense double mutant. Ambient 365 ppm 
CO2 0-1800 seconds, 800 ppm CO2 1800-3600 seconds, 
100 ppm CO2 3600-9000. 

FIG. 2 illustrates various expression levels in different 40 
stages of guard cell (GC) development: 

FIG. 2A: various expression levels in different stages of 
GCS 

FIG. 2B: Expression of 27-GUS in young leaf and leaf 
StemS. 45 

FIG. 2C: Expression of 27-GUS in upper level of hypo 
cotyl. 

FIG. 2D: Expression of 27-GUS in leaf stem and edge. 
FIG. 2E & FIG. 2F: Four lips in wt. 
FIG. 3 illustrates expression of 27-YC3.6 (SEQ ID 50 

NO:10) in GC on the stem of adjacent leaf but not in the very 
young leaf (outlined) (A & A"). 27-YC3.6 is mainly 
expressed in mature GC, very weak in young or immature 
GC (white arrow in B & B'). 27-YC3.60 (SEQ ID NO:11) 
is also expressed in GCs on hypocotyle (C&C). 27-YC3.6 55 
(SEQ ID NO:10) is also expressed in GCs on sepals (D & 
D'). 

Example 2 
60 

Characterization of CO Receptors that Control 
Plant CO, Uptake and Water Use Efficiency 

The invention provides compositions and methods for 
controlling the opening and/or closing of plant stomatal 65 
pores. Stomatal pores are formed by guard cells pairs in the 
epidermis of leaves and enable the control of plant water loss 

54 
and influx of carbon dioxide (CO) into plants. The inven 
tion provides compositions and methods for controlling the 
amount of CO taken up for photosynthetic carbon fixation, 
and amount of water lost through the process of transpiration 
through these “controlled stomatal pores. The invention 
provides compositions and methods for providing signal 
transduction mechanisms in guard cells to sense CO levels. 
water status, light and other environmental stimuli to regu 
late stomatal apertures for optimization of CO, influx, water 
loss and plant growth under diverse conditions. 
The invention provides compositions and methods for 

sensitizing plants to high levels of CO to trigger stomatal 
closing, and to sensitize plants to low CO levels to induce 
stomatal opening. In one aspect, the compositions and 
methods of the invention are used to aid in sequestering(?) 
atmospheric CO (which in one aspect is accomplished by 
inhibiting the expression of CO-Response proteins in vivo 
or in situ), for example, to ameliorate increasing levels of 
atmospheric CO, which is predicted to double within the 
present century. In one aspect, the compositions and meth 
ods of the invention will ameliorate the “stomatal closing 
effect of increasing levels of atmospheric CO (which in 
one aspect is accomplished by enhancing the expression of 
CO-Response proteins in Vivo or in situ), noting that 
ambient CO increases will reduce stomatal apertures of 
different plant species by up to 40%. In one aspect, the 
compositions and methods of the invention can be used to 
ameliorate the profound effects on gas exchange, carbon 
fixation, leaf temperature and/or water use efficiency of 
plants caused, e.g., on a global scale, by the increasing levels 
of atmospheric CO. 

For the first time mutants that show CO insensitivity in 
stomatal CO responses, but do not impair the abscisic 
responses, have been made and characterized by the inven 
tors. Using guard cell specific microarray analysis, this 
invention identified a double mutant in two homologous 
genes named: CO-Response Protein 1 (CORP1), also des 
ignated “CA1, or At3g01500 or SEQ ID NO:7; and, 
CO-Response Protein 2 (CORP2), also designated “CA4'. 
or Atlg70410 or SEQ ID NO:1; both of which are highly 
expressed in guard cells of Arabidopsis plants. Whereas 
single knock-out mutants showed no phenotype, double 
mutant plants in these two genes showed a strong impair 
ment in CO-induced stomatal closing compared to wild 
type (wt) plants, as illustrated in FIG. 4a. Studies show 
complementation of this CO phenotype by transgenic 
expression of the CORP1 cDNA (SEQ ID NO:7), as illus 
trated in FIG. 4b. FIG. 4a and FIG. 4b, illustrate the relative 
stomatal conductances of double mutant (corp 1 corp2), WT 
(wild-type) and (b) a transgenic complemented line 
(CORP1/corp 1 corp2) expressing CORP1 in response to 
changes in CO concentrations (X-axis: ppm (COI). 
CORP proteins bind CO. corp1 (encoded by, e.g., SEQ 

ID NO:7) and corp2 (encoded by, e.g., SEQ ID NO:1) are 
also expressed in other plant cells. Double mutant corp1/ 
corp2 plants did not show disruption of other important 
signaling pathways in guard cells, including stomatal clos 
ing induced by the drought-induced hormone abscisic acid 
(ABA), as illustrated in FIG. 4c. FIG. 4(c) graphically 
illustrates data demonstrating the intact response of the SEQ 
ID NO:7/SEQ ID NO:1, or corp1/corp2, double mutant and 
WT plants to abscisic acid (ABA). 

These data demonstrate that CORP1 (encoded by, e.g., 
SEQID NO:7) and CORP2 (SEQID NO: 1) function as CO, 
receptors in guard cells that control global plant gas 
exchange and to achieve an understanding of the molecular 
mechanisms that mediate CO2 signal transduction via 
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CORP1 (encoded by, e.g., SEQ ID NO:7) and CORP2 
(encoded by, e.g., SEQ ID NO: 1) in guard cells. 

In another aspect, to facilitate analyses of Subcellular 
localization(s) of CORP proteins, including the CORP pro 
teins of this invention, e.g., CORP1 and CORP2 proteins, 
the invention also provides N- and C-terminal tags (e.g., 
YFP fusions) with CORP proteins, including the CORP 
proteins of this invention, e.g., CORP1 and CORP2. These 
tagged CORP proteins are introduced into wild-type and 
corp1 corp2 double mutant plants. Cellular localization and 
simultaneous complementation are analyzed. 

In another aspect, CORP-encoding genes, such as the 
nucleic acids of this invention encoding CORP proteins, e.g., 
corp 1 and corp 2, are operatively linked to various tran 
Scriptional regulatory sequences, e.g., promoters, such as the 
guard cell specific transcriptional regulatory sequences, e.g., 
guard cell specific promoters of this invention. These nucleic 
acids are used to determine whether CORP1 and/or CORP2 
can be expressed in guard cells for functional stomatal CO 
signaling; e.g., whether CORP1 and/or CORP2 alone or 
together are sufficient for functional stomatal CO signaling 
in a plant cell, tissue or organ. 

In one aspect, the invention introduces these two genes 
under the control of a guard cell specific promoter, e.g., 
guard cell specific transcriptional regulatory sequences of 
this invention, e.g., guard cell specific promoters of this 
invention, mesophyll cell specific promoter and/or the eco 
topic 35S promoter, into corp 1 corp2 double mutant plants 
to determine the cell specific requirement for complemen 
tation of the impaired CO response. Gas exchange and 
stomatal signaling transduction analysis are conducted for 
this goal. Data has shown that these receptors function in 
stomatal CO signaling in guard cells. 

In one aspect, the invention characterizes the CO signal 
ing mechanisms mediated by CORP proteins, e.g., using 
CORP-encoding nucleic acids of this invention, and in one 
exemplary methods, CORP-interacting proteins are isolated 
from plant, bacteria or other cells. In one aspect, methods 
comprise use of yeast two-hybrid Screening systems, split 
ubiquitin System screening and/or co-immunoprecipitation 
systems using, e.g., YFP-tagged (or equivalently tagged) 
CORP proteins. The functions of CORP interactors in CO, 
signal transduction are identified and analyzed. 

In one aspect, the invention provides cell type-specific 
CORP over-expression cells, tissues, organs and/or cells 
lines to, e.g., analyze water use efficiency of plants at 
different CO concentrations and engineer improved water 
use efficiency in Arabidopsis and selected important eco 
nomical crops, e.g., important economically for fixing car 
bon. Data shows a greater than fifty percent (>50%) increase 
in water use efficiency in Arabidopsis by CORP over 
expression (using corp-encoding nucleic acids of this inven 
tion). 

Complementation of the double mutant of the two 
homologous genes CO-Response Protein 1 (CORP1), also 
designated “CA1, or At3g01500 or SEQ ID NO:7; and, 
CO-Response Protein 2 (CORP2), also designated “CA4. 
or Atlg70410 or SEQID NO:1, was made. We measured the 
stomatal index of complementation plants and overexpres 
sion plants. As illustrated in FIG.5A and FIG. 5B, both CA1 
(SEQ ID NO:7) and CA4 (SEQ ID NO:1) can complement 
this double mutants to varying degrees. Overexpression of 
CA1 decreases the “stomatal index. A “stomatal index' is 
defined as: (number of stomata per mm x 100)/(number of 
stomata per mm+number of epidermal cells per mm; or 
alternatively phrased: Stomatal Index (I)=S/(E+S)* 100, 
where S is the number of stomata per unit area, and E is the 
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number of epidermal cells per same unit area. This “stomatal 
index' value can be useful in comparing leaves of different 
sizes; relative humidity and light intensity during leaf devel 
opment affect the value of stomata index. 
The gas exchange and water use efficiency (WUE) of the 

CA1 (SEQ ID NO:7) and CA4 (SEQ ID NO:1) comple 
mentation plants were also measured. Plant gas exchange 
and WUE are measured in the morning. Exemplary results 
are analyzed and shown in FIG. 6, showing the relative 
stomatal conductance; where these results are summarized 
and graphically illustrated in FIG. 7, FIG. 7A graphically 
illustrating the water use efficiency (WUE) data, and FIG. 
7A graphically illustrating the relative stomatal conductance 
data. 

FIG. 8 illustrates photomicrographs of Northern blots 
showing the expression level of CA1 (SEQ ID NO:7) and 
CA4 (SEQ ID NO: 1) in complementation plants, in particu 
lar, in leaves, and in guard cells and in mesophyll cells: FIG. 
8A illustrating Col plants transformed with CA1 c)NA; 
FIG. 8B illustrating CA1/4 mutants transformed with CA1 
cDNA; and, FIG. 8C FIG. 8B illustrating CA1/4/6 mutants 
transformed with CA1 cDNA. 

FIGS. 9A and 9B illustrate photomicrographs of Northern 
blots showing the expression level of CA1 (SEQ ID NO:7) 
and CA4 (SEQ ID NO:1) in double knockouts (of CA1 
(SEQ ID NO:7) and CA4 (SEQ ID NO: 1)). FIGS. 9C, 9D 
and 9E illustrate data from a CO sensor showing deficient 
CO regulation of gas exchange; note: Light condition red 
light (50 umolm's"), blue light (6 umolm's'). 

FIG. 10A graphically illustrates a summary of data show 
ing intact abscisic acid response in the calca4 (CA1 (SEQ 
ID NO:7) and CA4 (SEQ ID NO:1)) double mutant. FIG. 
10B graphically illustrates a Summary of data showing that 
an inhibitor of CA1 (SEQ ID NO:7) and/or CA4 (SEQ ID 
NO:1) mimics CO Insensitivity in wild-type (WT) plants. 

FIGS. 11A and 11B illustrate photomicrographs of North 
ern blots showing the expression level of CA1 (SEQ ID 
NO:7) and CA4 (SEQ ID NO:1) in double knockouts (of 
CA1 (SEQ ID NO:7) and CA4 (SEQ ID NO: 1)), and FIG. 
11C illustrates data showing that genomic DNA of CA1 
(SEQ ID NO:7) or CA4 (SEQID NO:1) genes can comple 
ment CO response under different light conditions: red light 
(50 umolm’s'), blue light (6 umolm.'s'). 

FIGS. 12A, 12B and 12C, graphically illustrate a sum 
mary of data showing that photosynthesis is not impaired in 
calca4 triple CO, sensor knockout mutant plants: Light 
during pre-adaptation time, prior to PS fluorescence mea 
surements: 50 umol/m2/s: 88% red light, 12% blue light; 
2000 umol/m2/s: 90% red light, 10% blue light. FIG. 12D 
illustrates the CO assimilation rate in dark and in red light 
(where the red light: 300 umolm.'s'). 

FIGS. 13A, 13B and 13C, graphically and pictorially 
illustrate that photosynthesis-impaired bleached leaves show 
intact CO regulation of gas exchange. 

FIGS. 14A and 14B illustrate photomicrographs of North 
ern blots showing the expression level of CA1 (SEQ ID 
NO:7) and CA4 (SEQ ID NO:1) in double knockouts (of 
CA1 (SEQ ID NO:7) and CA4 (SEQ ID NO:1)); and FIG. 
14C, graphically and pictorially illustrate that CO sensor 
over-expression plants where the CA1 (SEQ ID NO:7) and 
CA4 (SEQ ID NO:1) are operatively linked to guard cell 
targeted promoters of this invention show enhanced water 
use efficiency (WUE). In FIG. 14C, the data shows no effect 
observed on flowering time. 
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Example 3 

Isolation and Characterization of a Strong 
Arabidopsis Guard Cell Promoter and its Use as a 

Guard Cell Transcriptional Activator 

The invention provides transcriptional activators that are 
very active in plant guard cell; including guard cell-specific 
transcriptional activators, such as promoters. For example, 
the invention provides nucleic acids (polynucleotides) hav 
ing a sequence at least about 70%, 71%, 72%, 73%, 74%, 
75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%, 
85%. 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 
95%, 96%, 97%, 98%, 99%, or more or complete sequence 
identity to SEQ ID NO:10 and/or SEQ ID NO:11, over a 
region of at least about 50, 75, 100, 150, 200, 250, 300,350, 
400, 450, 500, 550, 600, 650, 700, 750, 800 or more 
residues, or over the full length of a promoter having 
guard-cell specific activity, or a transcriptional regulatory 
region having guard-cell specific activity, wherein the 
nucleic acid comprises or consists of a guard cell-specific 
promoter, or a guard cell-specific transcriptional regulatory 
region. 

In one aspect, the invention provides guard-cell transcrip 
tional regulatory regions that consistently give high expres 
sion of heterologous sequences in a plant cell, e.g., consis 
tently give high expression of transgenes of interest. In one 
aspect, the transcriptional regulatory regions of this inven 
tion are used to improve available methods for targeted gene 
expression in guard cells. 

Strong guard cell promoter candidates were isolated based 
on new guard cell-specific microarray analyses of 23,000 
genes. A guard cell specific microarray-based approach was 
used to analyze putative strong guard cell specific promot 
ers. A promoter pGC1 (At 1g22690) drove very strong 
expression of reporter genes (GUS and GFP-based calcium 
reporter) in guard cells of both Arabidopsis and tobacco. 
Specific gene Suppression in guard cells was also achieved 
by pGC1 driving antisense repression. 

Results: 
A promoter, pGC1 (At1g22690), drove strong and rela 

tively specific reporter gene expression in guard cells includ 
ing GUS (beta-glucuronidase) and yellow cameleon YC3.60 
(GFP-based calcium FRET reporter). Reporter gene expres 
sion was weaker in immature guard cells. The expression of 
YC3.60 was sufficiently strong to image intracellular Ca" 
dynamics in guard cells of intact plants and resolved spon 
taneous calcium transients in guard cells. The GC1 promoter 
also mediated strong reporter expression in clustered sto 
mata in the stomatal development mutant too-many-mouths 
(tmm). 

Furthermore, the same promoter:reporter constructs also 
drove guard cell specific reporter expression in tobacco, 
illustrating the potential of this promoter as a method for 
high level expression in guard cells. A serial deletion of the 
promoter defined a guard cell expression promoter region. In 
addition, anti-sense repression using pGC1 was powerful for 
reducing specific GFP gene expression in guard cells while 
expression in leaf epidermal cells was not repressed, dem 
onstrating strong cell-type preferential gene repression. 

Conclusion: 
The pGC1 promoter of this invention drives strong 

reporter expression in guard cells of Arabidopsis and 
tobacco plants. The promoters of this invention can provide 
a potent tool for targeted guard cell expression or gene 
silencing. Promoters of this invention can be used to reduce 
specific gene expression in guard cells, providing a method 
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for circumvention of limitations arising from genetic redun 
dancy and lethality. Promoters of this invention can be used 
for manipulating signaling pathways in guard cells and 
modifying plant performance under stress conditions. 
Results 

Isolation of pCC1, a Strong Guard Cell Promoter 
Guard cell-specific microarray data were analyzed side by 

side with mesophyll cell-specific microarray data see ref 
erence 26, cited below to search for strong guard cell 
promoter candidates with low expression levels in meso 
phyll cells. Additional guard cell and mesophyll cell 
microarray experiments were conducted covering 234,000 
genes (source: ATH1 Affymetrix, Santa Clara, Calif.). Fur 
thermore, candidate genes were analyzed using GENEVES 
TIGATORTM to select genes with low expression levels in 
non-leaf tissues across more than 2000 microarray experi 
ments see reference 27, cited below. Guard cells and 
mesophyll cells exposed to ABA were also analyzed, as 
ABA synthesis is induced under several stress conditions. 
The following criteria were used for selection of strong 
guard cell promoter candidates. The raw signal in guard cells 
was set above 10000, the raw signal in mesophyll cells was 
set below 1000, and the reduction or induction fold by ABA 
was set to be less than two. Transcriptional profiles of 
several genes passed these criteria, see FIG. 15, which 
graphically Summarizes data showing the transcriptional 
profiles of guard cell expressed genes in both guard cells and 
mesophyll cells. 

In FIG. 15, average transcript levels of KAT1 
(At5g46240), AtMYB60 (At 1g08810). AtMYB61 
(At 1g09540), RAB18 (AtSg66400), GC1 (At 1g22690) 
(SEQ ID NO:10), and AtACT7 (AtSg09810) from two 
independent microarrays are displayed. While KAT1, 
AtMYB60 and GC1 all exhibited guard cell-specific expres 
Sion, the transcript level of GC1 was the highest among the 
three genes. RAB18 also exhibited very strong guard cell 
expression, but its expression level in mesophyll cells was 
strongly induced by ABA treatment. 
The putative promoters (1 to 2 kb upstream of the 

annotated ATG start codon, see FIG. 16) were amplified by 
PCR and cloned into a GUS reporter vector. GUS staining 
of the T1 transgenic plants showed guard cell specific 
staining for one particular promoter candidate (Atlg22690), 
designated as pGC1. Atlg22690 is among the most highly 
expressed genes in guard cells. It showed relatively high 
expression in guard cells and low expression in mesophyll 
cells. At1g22690 encodes a small cysteine rich protein (119 
amino acids). It belongs to the GASA family (GA-stimu 
lated transcript (GAST1) protein homolog). A study by 
Wigoda et al. 28 suggested that GIP2 (a GASA protein 
from Petunia hybrida) exhibited in planta antioxidant activ 
ity. T-DNA insertional line in Atlg22690 did not yield any 
noticeable stomatal phenotypes under our typical laboratory 
conditions (unpublished data). Furthermore, our guard cell 
microarray data showed that two other GASA genes also 
showed high expression level in guard cells (GASA 1 
(Atlg75750) and GASA 4 (AtSg15230). 

FIG. 16 is the promoter sequence of GC1 (SEQ ID 
NO:10, but the sequence of FIG. 16 also having an ATG 
added at the 3' end): in GC1 the transcriptional start site is 
denoted as +1, and the putative start codon (ATG) is located 
at +23/+25 bp. The Dof target sites, 5'-TAAAG-3 (+) or 
5'-CTTTA-3'(-), which have been shown to contribute to 
guard-cell specific gene expression 24, are boxed. The 
ABRE, abscisic acid-response element, 5'-ACGTG-3 (+) or 
5'-CACGT-3' (-), are underscored and labeled. The TATA 
box (5'-TATATAA-3) and the start codon (ATG) are shown 
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in bold with dotted boxes. The arrowheads mark the posi 
tions for promoter deletion analyses in FIG. 18. 
We analyzed GC1 (At 1g22690) gene expression in 

response to different treatments in the microarrays data 
compiled by GENEVESTIGATORTM 27, 29 Among 96 
treatments, 8 treatments affected At 1g22690 expression 
more than two fold. Salt and osmotic stress dramatically 
deceased Atlg22690 gene expression (more than 10 fold) 
30. Meanwhile, light, ABA, GA, cold or drought did not 
induce more than a two-fold change in gene expression of 
At 1g22690. This suggests that GC1 (Atlg22690) has a 
relatively constant expression under most common situa 
tions. 

Interestingly, the pGC1::GUS not only delivered strong 
GUS expression in guard cells in leaves (FIG. 17A, B), but 
also in guard cells in petioles and hypocotyls (FIG. 17C, D, 
E). GUS staining from other candidate promoter-GUS 
fusions was either not very strong in guard cells and/or 
showed reporter expression in other tissues. We therefore 
focused on pGC1 for the rest of this study. The GC1 
promoter was also fused to a second reporter, a GFP-based 
calcium reporter, yellow cameleon 3.60 (YC3.60) 31. 
Most T1 transgenic plants (approximately 75%) transformed 
with pGC 1: YC3.60 exhibited strong guard cell specific 
fluorescence, indicating a high degree of guard cell expres 
sion efficiency per transform ant. Some plants also showed 
fluorescence in Some leaf epidermal cells (data not shown). 
However, younger or immature guard cells showed no or 
much less GFP expression (FIG. 17F, G). Furthermore, 
guard cells in sepals and hypocotyls also showed GFP 
expression (FIG. 17H, I, J. K). 
We further examined whether the GC1 (SEQ ID NO:10) 

promoter could drive guard cell specific reporter expression 
in a guard cell development mutant, too many mouths (tmm) 
32. The timm mutant was transformed with either the 
pGC1:: GUS or the pGC1:YC3.60 construct. GUS staining 
showed reporter gene expression in clustered stomata (FIG. 
17L). Similarly, GFP expression was observed in clustered 
stomata in tmm plants transformed with pGC 1: YC3.60 
(FIG. 17M). 
To test if the GC1 promoter can drive guard cell specific 

reporter gene expression in plants besides Arabidopsis, we 
also transformed pGC1::YC3.60 into tobacco plants. Inter 
estingly, strong guard cell GFP expression was observed in 
tobacco leaves, see FIG. 17N. 

In summary, for FIG. 17: the GC1 promoter mediates 
strong reporter expression in guard cells of wild-type Ara 
bidopsis seedlings, too many mouths mutant and also in 
tobacco: 

FIG. 17A: A two-week-old pGC1::GUS transgenic seed 
ling. 

FIG. 17B. Different stages of guard cells exhibited dif 
ferent levels of GUS expression. 

FIG. 17C. Upper part of the hypocotyl. 
FIG. 17D: Young leaf and petiole. 
FIG. 17E: Leaf edge and petiole. 
FIG. 17F and Figure G: pGC1:YC3.60 was mainly 

expressed in mature guard cells, very weak in young or 
immature guard cells (white arrows in (f) & (g)). 

FIGS. 17H and 17I: pCC1: YC3.60 was expressed in 
guard cells on the hypocotyl. 

FIGS. 17J and 17K: pGC1: YC3.60 was expressed in 
guard cells on the sepal. 

FIGS. 17L and 17M: pGC1 mediated GUS (L) and GFP 
(M) reporter expression in clustered stomata in too many 
mouths. 
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FIG. 17N: pGC1 mediated strong reporter gene expres 

sion in tobacco guard cells. 
Serial Promoter Deletions Define a Region for Guard Cell 

Specificity and Strength 
A promoter region may contain both enhancer and repres 

sor elements. To probe which part of the original 1716 base 
pair (bp) promoter (full length, FL, -1693 bp/+23 bp) is 
required for strong guard cell specific reporter expression, 
four 5' truncated versions of the GC1 (SEQ ID NO:10) 
promoter were generated as D1 (-1140 bp/+23 bp). D2 
(-861 bp/+23 bp), D3 (-443 bp/+23 bp), and D4 (-224 
bp/+23 bp), see FIG. 18. These truncated promoters were 
fused to the GUS reporter to generate the following con 
structs: pGC1 (D1)::GUS, pGC1 (D2)::GUS, pGC1 (D3): 
GUS and pGC1 (D4)::GUS. These GUS reporter constructs 
were transformed into Columbia wild type plants side-by 
side with the original pGC1 (FL)::GUS construct. T1 seed 
lings (n=50-100) from each transformation event were 
pooled and stained. The truncated pCC1 (D1) drove similar 
or stronger GUS expression in seedlings than the original 
full-length promoter (FIG. 4A), Suggesting that elements in 
the region from -1693 bp to -1140 bp might repress 
promoter activity in guard cells. Promoters pGC1 (D2) and 
pGC1 (D3) led to weaker reporter gene expression in guard 
cells than pCC1 (FL), Suggesting elements in the region from 
-1140 bp to -443 bp might enhance the promoter activity in 
guard cells. The shortest promoter, pGC1 (D4), drove 
reporter gene expression in tissues other than guard cells, 
Such as roots and seed coats, suggesting the region from 
-861 bp to -224 bp was required for guard cell specific 
activity. This region contains 8 (T/A)AAAG elements that 
have been shown to be required for guard cell specific 
activity of the KST1 promoter in potato 24. The truncated 
promoter, pGC1 (D1), showed strong guard cell expression, 
Suggesting that it contains elements for both guard cell 
specificity and promoter strength. Accordingly, the inven 
tion provides transcriptional activators (such as promoters) 
that are guard cell specific that comprise or consist essen 
tially of the region from -861 bp to -224 bp; and provides 
transcriptional activators (such as promoters) that are guard 
cell specific that comprise or consist essentially of the region 
from -1140 bp to -443 bp. 

In summary, FIG. 18 illustrates serial deletions of the 
pGC1 promoter to define regions for guard cell expression, 
where FIG. 18A illustrates photographs that are representa 
tive T1 plants from different promoter:: GUS transgenic 
lines. The pGC1 (D1) (-1140/+23) promoter mediated stron 
ger GUS expression in guard cells than the original full 
length promoter (FL) (-1693/+23). GUS expression of 
pGC1 (D2):GUS and pGC1 (D3)::GUS was weaker than 
that of the pGC1 (FL)::GUS and pGC1 (D1)::GUS. The 
shortest promoter pGC1 (D4) (-224/+23) drives reporter 
expression in tissues and cells besides guard cells. 

FIG. 18B graphically illustrates serial (structural, or 
sequence) deletion of the pGC1 promoter to define regions 
for guard cell expression. The black arrowheads stand for 
TAAAG elements while the smaller gray arrowheads stand 
for AAAAG elements. Arrowheads on the top of the pro 
moter line are on the sense strand while arrowheads below 
the promoter line are on the antisense Strand. The central 
TAAAG on the sense strand was also marked by a star and 
was chosen for block mutagenesis. The region from -1693 
to -1140 contains repressor elements for guard cell expres 
sion and the region from -1140 to -224 contains elements 
for guard cell specificity and also enhancer elements for 
guard cells expression. 
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Calcium Imaging in Guard Cells of Intact Plants 
Many physiological stimuli in plant cells induce changes 

in the intracellular calcium concentration. Calcium acts as a 
secondary messenger in many signal transduction cascades 
33. Cytosolic calcium concentrations can be monitored 
either by chemical reporters such as the rationetric Ca"- 
sensitive fluorescent dye fura-2 34, 35, the genetically 
encoded calcium sensitive luminescent protein aequorin 
14 or the fluorescent rationetric calcium reporter yellow 
cameleon 12, 15, 36. Stomatal closing signals, such as 
ABA and CO., have been shown to induce calcium eleva 
tions in guard cells 16, 18, 19, 37-42). Spontaneous calcium 
transients in leaf epidermal samples have also been observed 
without any ABA treatment 15, 43, 44. It is not clear 
whether spontaneous calcium transients occur in guard cells 
in intact plants as fura-2 injected Vicia faba guard cells did 
not show Such transients 45. 
A new generation calcium indicator, yellow cameleon, 

YC3.60, shows an enhanced calcium-dependent change in 
the ratio of YFP/CFP by nearly 600% compared with yellow 
cameleon 2.1 31. By combining the GC1 promoter (SEQ 
ID NO:10) with YC3.60, pGC1: YC3.60, as described 
before, we observed strong guard cell expression of the 
YC3.60 in intact leaves, hypocotyls, and sepals, as illus 
trated in FIG. 19. 

In brief, FIG. 19 illustrates imposed intracellular calcium 
transients in pGC1:: YC3.60 expressing guard cells and 
spontaneous calcium transients occur in guard cells of intact 
pGC1:: YC3.60 transgenic plants: 

FIG. 19A illustrates fluorescence image of leaf epidermis 
of pGC1: YC3.60 transgenic plant. Note the surrounding 
epidermal cells were not fluorescent. 

FIG. 19B illustrates that the six guard cells in panel A all 
produced intracellular calcium transients in response to 
imposed calcium oscillations. The arrows mark the Switch 
point from the depolarizing buffer to the Ca"-containing 
hyperpolarizing buffer (see Methods section). 

FIG. 19C illustrates a pseudo-colored rationetric image 
of a leaf from an intact Col plants transformed with pGC1: 
YC3.60. The orange-yellow color indicates higher Ca" 
and the blue color indicates lower Ca". Spontaneous 
calcium transients occurred in leaves of intact Arabidopsis 
plants. 

FIG. 19D illustrates a time course (25 minutes) of the 
emission ratios of the two guard cells marked by an arrow 
in C shows that spontaneous calcium transients occur in 
intact Arabidopsis plants. The ratio was calculated for 
individual cells by dividing the YFP emission intensity by 
the CFP emission intensity. 
We first measured calcium transients in intact leaf epi 

dermis from plants transformed with pGC1: YC3.60 by 
imposing calcium oscillations as described previously 11, 
46. Robust calcium transients with rationetric changes of 
up to a factor of 4 relative to the baseline ratio could be 
observed in guard cells, see FIG. 19B. Rationetric changes 
of approximately 0.5 were observed using 35S: YC2.1 in 
response to imposed calcium transients 15, 43, 44, 46. This 
further confirmed the robust rationetric signal to noise 
efficiency of YC3.60. 

Next, we performed calcium imaging in intact Arabidop 
sis seedlings by mounting leaves to a microscope cover 
glass. Two different methods were tested: the first one was 
to submerge only the root with water and leave the shoot in 
air, and the second one was to Submerge the entire plant in 
water. Spontaneous calcium transients were detected under 
both conditions, see Table 1, below. 
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A representative calcium transients/time course is shown 

in FIG. 19D. 
Interestingly, the spontaneous calcium transients of two 

guard cells from the same stomate were often not synchro 
nized, see FIG. 19C, D. These experiments clearly demon 
strate that spontaneous calcium transients occurred in guard 
cells of intact plants and were not an artifact of imaging 
excised epidermis and illustrate the potential of the pGC1 
(SEQID NO:10) promoter of this invention as a method for 
driving transgene and reporter expression in guard cells. 
The Use of pGC1 to Manipulate Specific Gene Expres 

sion in Guard Cells 
Manipulation of specific gene expression in guard cells, 

either by highly expressing the wild-type gene or a dominant 
mutant form, or reducing its expression in guard cells, would 
be very powerful to probe a specific gene function in guard 
cells. To further explore the application of the GC1 (SEQID 
NO:10) promoter, we took the antisense approach to analyze 
reduction of gene expression in guard cells. For this purpose, 
a 35S::GFP transgenic line with stable GFP expression in 
both guard cells and epidermal cells, see FIG. 20A, B, was 
transformed with a pGC1 (D1)::anti-GFP construct (anti 
GFP fused to the truncated GC1 promoter pGC1 (D1)). 34 
out of 40 T1 plants of 35S:GFP plants transformed with 
pGC1 (D1):anti-GFP showed greatly reduced GFP expres 
sion in guard cells while the GFP expression level in 
epidermal cells was unchanged, as illustrated in FIG. 20O. 
D. 

In summary, FIG. 20 illustrates micrographs of pGC1 
(D1):anti-GFP caused reduction of GFP expression in guard 
cells of 35S: GFP plants: 

FIG. 20A illustrates leaf epidermis of a 35S: GFP trans 
genic plant (bright field with GFP filter). The arrows mark 
StOmata. 

FIG.20B illustrates the fluorescence imaging of same leaf 
epidermis shown in A. Stomata are marked by lighter 
(yellow) arrows. Note that both the guard cells and sur 
rounding epidermal cells are fluorescent. 

FIG. 20O illustrates leaf epidermis of a T1 transgenic 
plant expressing pGC1 (D1):anti-GFP in the 35S::GFP 
background. All stomata are marked by lighter (yellow) 
aOWS. 

FIG.20D illustrates the fluorescence imaging of the same 
leaf epidermis shown in 20O. Note that 7 (marked by 
relatively darker (blue) arrows) out of 8 stomata showed 
reduced GFP expression compared with the surrounding 
epidermal cells. One pair of guard cells (marked by the 
lighter (yellow) arrow) still exhibited moderate GFP expres 
Sion. This stomate was relatively immature compared with 
the other 7 stomata. 

These observations demonstrate a remarkable antisense 
repression efficiency using the sequence of this invention 
pGC1 (D1) (SEQID NO:10). Interestingly, less suppression 
of GFP expression was observed in immature guard cells 
(see lighter (yellow) arrow in FIG. 20D, versus the relatively 
darker (blue) arrows). This is consistent with the observation 
that pGC1 drove less reporter gene expression in immature 
guard cells, see e.g., FIG. 17G, discussed above. This 
experiment demonstrates that an antisense approach using 
sequences of this invention can be used to reduce expression 
of selected genes in guard cells without affecting its expres 
sion in other cell types. 
Discussion 

This invention for the first time identifies the strong 
Arabidopsis guard cell promoter, pGC1 (SEQ ID NO:10). 
Promoter:: reporter fusion analyses showed pCC1 (SEQ ID 
NO:10) has strong guard cell specific reporter gene expres 
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sion in e.g. wild-type Arabidopsis plants and the guard cell 
development mutant, too many mouths 32 and also 
tobacco plants. Serial deletions of the GC1 (SEQID NO:10) 
promoter defined regions for guard cell expression. Calcium 
imaging in guard cells in intact plants was made possible via 
the combination of the GC1 (SEQ ID NO:10) promoter and 
a new generation of calcium reporter, YC3.6031. The GC1 
(SEQ ID NO:10) promoter of the invention was also pow 
erful for knocking down specific gene expression in guard 
cells using an antisense approach. 

Comparison Between the GC1 Promoter and Other 
Known Guard Cell Promoters 
As the central regulator of water transpiration and CO 

uptake, guard cells have been developed as an integrative 
model system to investigate interplay among ion channel/ 
transporter activities, light, plant hormones, secondary mes 
sengers, the cytoskeleton and membrane trafficking in regu 
lating the physiological output: the stomatal aperture 2, 4, 
5, 47, 48. Several guard cell promoters have been reported. 
The KAT1 (At5g46240) promoter delivered specific reporter 
expression in guard cells even though it sometimes induced 
reporter expression in other cells and tissues such as roots 
and inflorescences 25). AtMYB60 (Atlg08810) also 
showed specific expression in guard cells based on pro 
moter::GUS and promoter::GFP study 49. AtMYB61 
(At1g09540) has also been shown to be mainly expressed in 
guard cells 50. 

Based on our guard cell-specific microarray data, we 
estimated the average transcription levels in FIG. 15, dis 
cussed above. The AtMYB61 gene expression signal was the 
lowest among these genes. In the case of KAT1, its expres 
sion in guard cells was much higher than that in mesophyll 
cells. But its raw signal was approximately 5 to 10 fold 
lower than that of GC1. AtMYB60 also exhibited highly 
guard cell specific expression compared with its expression 
in mesophyll cells. However, the raw signal of AtMYB60 
was only approximately one third of that of the promoter of 
this invention GC1 (SEQ ID NO:10). Furthermore, 
AtMYB60 is also highly expressed in seeds based on 
GENEVESTIGATORTM microarray analyses 27, 29, 
51-54). Similarly, RAB18 (At5g66400) is also highly 
expressed in seeds besides its strong expression in guard 
cells. pGC1 drove very strong and specific reporter gene 
expression in guard cells (expression is very low in non-leaf 
tissues/organs), although reporter gene expression was 
observed in epidermal cells in some plants transformed with 
the pGC1:YC3.60. In summary, the GC1 promoter is a very 
strong guard cell promoter among those analyzed. 

Spontaneous Calcium Transients in Guard Cells 
Studies with intact Arabidopsis plants using the geneti 

cally encoded calcium reporter YC3.60 driven by the GC1 
promoter showed that spontaneous calcium transients 
occurred in guard cells in intact Arabidopsis plants. This is 
consistent with previous observations of spontaneous cal 
cium transients in Arabidopsis guard cells 15, 43, 44. 
However, the mechanisms causing spontaneous calcium 
transients are not yet characterized in depth. Several lines of 
evidence Suggest a connection between hyperpolarization of 
the guard cell plasma membrane and spontaneous calcium 
transients in guard cells. 

In experiments where membrane potential and Cal, 
were measured simultaneously, hyperpolarization caused 
ABA-induced Ca" increases. Maintaining guard cells in 
a more hyperpolarized State produced spontaneous Cal, 
oscillations in Vicia faba guard cells 38, in a Sub-popula 
tion of Commelina guard cells 39 and in Arabidopsis guard 
cells 43. Calcium imaging analyses in intact Arabidopsis 
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plants using pCC1::YC3.60 show that spontaneous calcium 
transients also occur in intact plants. 

These spontaneous Ca" transients may also be the result 
of integrated signaling by multiple stimuli converging in 
guard cells. Such as light conditions, CO and water balance. 
In Vicia faba no spontaneous calcium transients were 
observed in guard cells in intact plants 45. In this case 
fura-2 (ca. 100 uM) was injected into guard cells. High 
concentrations of fura-2 may inhibit spontaneous calcium 
elevations, as loading the close fura-2 analogue. BAPTA, 
into Arabidopsis guard cells effectively inhibits these cal 
cium transients 44. 
By contrast, the estimated yellow cameleon concentration 

in guard cells of pGC1 (SEQID NO:10):YC3.60 transgenic 
plants was approximately 1 uM (see Methods, discussed 
herein). The lower concentration of yellow cameleon should 
interfere less with guard cell calcium homeostasis and could 
monitor more faithfully calcium concentration dynamics. 
Note that low concentrations of injected fura-2 also allowed 
resolution of repetitive calcium transients in guard cells 38. 
39. Note that BAPTA-derived fluorescent dyes such as 
fura-2 and indo-1 have certain complementary advantages to 
cameleon, as they can be loaded into cells that are not easily 
transformed 55 and these dyes can report rapid millisecond 
scale Ca" transients that occur in neurons (56), but have 
presently not yet been reported in plants using fura-2 or 
indo-1. 

Circadian calcium oscillations at the whole plant leaf 
level with a daily rhythm have been demonstrated by several 
groups using aequorin as the calcium reporter 57-59. Most 
likely this circadian calcium oscillation results from Syn 
chronous changes in baseline cytosolic calcium in a cell 
population 60. As the circadian calcium oscillation is 
related to the baseline of intracellular calcium, the rapid 
spontaneous calcium transients in individual guard cells 
likely would be filtered from circadian calcium measure 
ments 60. Repetitive calcium transients may reflect func 
tions that include continuous calcium homeostasis between 
extracellular calcium, cytoplasmic calcium, and intracellular 
calcium stores. Spontaneous calcium transients in guard 
cells also correlate with the recent proposed calcium sensor 
priming hypothesis for calcium specificity in signaling, in 
which the stomatal closing signals ABA and CO2 are pro 
posed to prime (de-inactivate) calcium sensitive steps that 
mediate stomatal closing 44, 61. 
(T/A)AAAG Cis Elements and Guard Cell Specific 

Expression 
(T/A)AAAG, a binding motif for Dof zinc finger tran 

Scription factors, has been suggested to play a critical role 
for guard-cell specific expression of KST1 promoter activity 
in potato based on block mutagenesis 24. However, the 
putative promoter regions (1800 bp before ATG start codon) 
for AtACT7 (AtSg09810), KAT1 (AtSg46240), RAB18 
(At5g66400), AtMYB60 (At1g08810), AtMYB61 
(At 1g09540) and GC1 (At 1g22690) all contain a similar 
number of Dof factor binding motifs, the (T/A)AAAG 
elements, even though some of them do not show guard cell 
expression preference. AtMYB61, which showed low 
expression in guard cells (FIG. 15), contains 29 (T/A) 
AAAG elements in its putative promoter region, while the 
AtACT7 promoter contains 23 (T/A)AAAG elements. Pro 
moter truncation suggests that the region from -861 bp to 
-224 bp in the GC1 (SEQI NO:10) promoter contains 
elements for guard cell specific promoter activity; see FIG. 
18, discussed above. This region contains 8 (T/A)AAAG 
elements. However, block mutagenesis of the central 
TAAAG motif on the sense strand (marked by a star in FIG. 
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18B) in this region did not affect reporter expression in 
guard cells. Thus the (T/A)AAAG element alone may not 
explain why GC1 and other guard cell-specific genes exhib 
ited guard cell-specific expression. 
Conclusions 

Microarray (ATH1) analyses of guard cell expressed 
genes was used to isolate and characterize a novel strong 
guard cell promoter of this invention, pGC1 (SEQ ID 
NO:10). We analyzed the potential of pGC1 (SEQ ID 
NO:10) as a tool for manipulating gene expression in guard 
cells. The GC1 (SEQ ID NO:10) promoter was used to test 
several experimental manipulations. The GC1 (SEQ ID 
NO:10) promoter was used to express the calcium reporter 
YC3.60 in guard cells. This enabled us to perform calcium 
imaging experiments in guard cells of intact Arabidopsis 
plants. 

For T-DNA insertional mutants hundreds of transformants 
are often needed to be generated to obtain at best a few lines 
expressing a reporter gene in guard cells when using the 35S 
promoter. In contrast, use of the GC1 (SEQ ID NO:10) 
promoter of this invention provides a method to dramatically 
increase the Success rate of reporter gene expression. Fur 
thermore, guard cell-specific antisense GFP expression 
using the GC1 promoter efficiently silenced GFP expression 
in guard cells of 35S::GFP transgenic plants. 

These data and the high transformation efficiency together 
demonstrate that promoters of this invention, including the 
GC1 (SEQID NO:10) promoter of this invention, provide a 
powerful tool for manipulating the expression of guard cell 
signaling components and for expressing reporters of 
diverse secondary messengers. Thus, promoters of this 
invention, including the GC1 (SEQ ID NO:10) promoter, 
provide compositions and methods to selectively enhance 
expression in guard cells, to monitor signaling events in 
guard cells in response to different treatments, and to study 
whole plant responses in guard cell specific transgenic 
mutantS. 
Material and Methods 
Plant Material 

Arabidopsis thaliana (Columbia ecotype) plants were 
used for transformation experiments unless otherwise speci 
fied. The 35S::GFP transgenic line was generated for a 
previous study 62. The guard cell development mutant, too 
many mouths, was a kind gift from Dr. Fred Sack at the 
University of British Columbia, Vancouver. 
GeneChip Microarray Experiments 

Plant growth, ABA treatment, guard cell protoplast iso 
lation, and RNA extraction were performed as previously 
described 26. Affymetrix Arabidopsis ATH1 genome 
arrays (Affymetrix, Santa Clara, Calif.) were used, repre 
senting approximately 24,000 genes. Transcripts were 
amplified, labeled, and hybridized at the University of 
California, San Diego Gene Chip Core facility. For each 
condition (with or without ABA treatment, guard cell or 
mesophyll cell), two independent hybridizations were per 
formed. Transcriptional inhibitors (33 mg/L actinomycin D 
and 100 mg/L cordycepin) were added during protoplast 
isolation for RNA samples for four chip hybridizations as 
described 26. ATH1 microarray data were deposited at 
MIAMEXPRESSTM 63 with an accession number 
E-MEXP-1443. 
Construction of Recombinant Plasmids 
To amplify the GC1 (Atlg22690) promoter from the Col 

genomic DNA by PCR, primers YZ27 (5'-CATGCCATG 
Gattitatgagtagtgattittgaag-3' (SEQ ID NO:37), right before 
the ATG start codon with NcoI site) and YZ28 (5'- 
ACGCGTCGACgagtaaagatticagtaacccg-3' (SEQ ID 
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NO:38), 1693 bp upstream of the transcriptional start (FIG. 
16) with Sall site) were utilized. The PCR product was 
cloned into pGEM-Teasy vector (Invitrogen, Carlsbad, 
Calif.) to create pGEM-T-pGC1. 
To clone the GC1 promoter into the pBI101 vector, 

pGEM-T-pGC1 was first cut by NcoI. The sticky end was 
then filled-in by T4 DNA polymerase (New England Bio 
Labs) to create a blunt end. The pGC1 fragment was then 
released by SalI digestion. Meanwhile, the destination vec 
tor, pFBI101, was cut sequentially by SmaI and SalI. The 
pGC1 fragment was then inserted upstream of the GUS 
reporter gene in the pBI101 vector to create plBI101-pGC1:: 
GUS construct (simplified as pGC1::GUS). 
To create the 5'-deletion series of the pGC1 promoter, 

primer YZ27 was used with primers YZ159 (5'-GCGTC 
GACatggttgcaacagagaggatga-3' (SEQ ID NO:39), 1141 bp 
upstream of the transcriptional start, D1), YZ160 (5'- 
GCGTCGACctaatgaagggtgcc.gcttattg-3' (SEQ ID NO:40), 
861 bp upstream of the transcriptional start, D2), YZ161 
(5'-GCGTCGACcaatattgcgtctg.cgttcct-3' (SEQ ID NO:41), 
466 bp upstream of the transcriptional start, D3) and YZ162 
(5'-GCGTCGACgaaccaatcaaaactgtttgcata-3' (SEQ ID 
NO:42), 224 bp upstream of the transcriptional start, D4) 
respectively for genomic PCR to amplify pGC1 (D1), pGC1 
(D2), pGC1 (D3) and pGC1 (D4) respectively (FIG. 4). The 
PCR fragments were then cloned into pGEM-T-easy vector 
and then subcloned into pEBI101 vector to create pBI101 
pGC1(D1):GUS, pBI101-pGC1 (D2)::GUS, pBI101-pGC1 
(D3)::GUS, and pBI101-pGC1 (D4)::GUS. 
To create pBI101-pGC1:YC3.60 construct, YC3.60 was 

first released from pcDNA3-YC3.60 (31 by EcoRI/BamHI 
double digestion. Then the BamHI-5'-YC3.60-3'-EcoRI 
fragment was cloned into pSK vector (prepared by EcoRI 
and BamHI digestion) to create pSK-YC3.60 construct. The 
pSK-YC3.60 was then digested with NotI and NcoI to 
receive NotI-5'-pGC1-3'-NcoI fragment from pGEM-T- 
pGC1. This ligation resulted in the pSK-pCC1:YC3.60. The 
pGC1::YC3.60 fragment was released by SalI/SacI double 
digestion, meanwhile the p3I101 vector was digested with 
Sal I/SacI to remove the GUS reporter gene. The pBI101 
(Sall/SacI) was ligated with Sall-5'-pGC1::YC3.60-3'-SacI 
to create pBI101-pGC1: YC3.60 construct. 
To create pGreen II 0179-pGC1 (D1):anti-GFP binary 

vector with hygromycin selective marker in plant, the 35S 
terminator was amplified with YZ439 (5'-AAGAGATC 
TATCTAGAGTCCGCAA-3'(SEQ ID NO:43), with Xbal) 
and YZ440 (5'-GCACGCTCGAGCTCgtcactggattittggttt 
tagg-3' (SEQ ID NO:44), with SacI site) from vector 
pAVA31964. The PCR product was then subsequently 
digested with Xbal and SacI. The 5'-Xbal-35S terminator 
SacI-3' was ligated into pGreen II 0179-Xabi . . . SacI to 
create pGreen II 0179-terminator. The pGC1 (D1) was 
released from pCEM-T-pGC1 (D1) by NotI digestion, then 
filled-in, then cut by Sall to create 5'-Sall-pGC1 (D1)-NotI 
(filled-in blunt end). Meanwhile, the pGreen II 0179-termi 
nator was doubled digested with SalI and EcoRV. These two 
fragments were ligated to generate pGreen II 0179-pGCP 
(D1)-terminator vector. The antisense GFP was amplified 
with primers YZ449 (5'-ACATGCCATGGttacttgtaca 
gctcgtccatgcc-3' (SEQID NO:45), reverse end of GFP with 
NcoI) and YZ513 (5'-ctagTCTAGAatggtgagcaaggg.cgagg-3' 
(SEQ ID NO:46), start of GFP with Xbal). The PCR 
fragment was double digested with NcoI and Xbal. The 
pGreen II 0179-pGC1 (D1)-Terminator was also double 
digested with NcoI and Xbal. The pGreen II 0179-pGC1 
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(D1)-Terminator fragment was ligated with 5'-NcoI-anti 
GFP-Xbal-3' to produce pGreen II 0179-pGC1 (D1)::anti 
GFP binary construct. 

The central TAAAG motif (-579->-575) on the sense 
stand was changed to CGGGA by block mutagenesis using 
the QUICKCHANGETM site-directed mutagenesis kit from 
Stratagene (La Jolla, Calif.). 
Arabidopsis transformation and selection 

The binary constructs, pBI101-pGC1: YC3.60, pBI101 
pGC1::GUS, pBI101-pCC1 (D1):GUS, pBI101-pCC1 
(D2)::GUS, pBI101-pGC1 (D3)::GUS and pBI101-pGC1 
(D4)::GUS were transformed into the Agrobacterium 
tumefaciens strain GV3101 by electroporation. The trans 
formants were selected on LB plates with both kanamycin 
(selective marker for the construct) and gentamycin (selec 
tive marker for the Agrobacterium). Arabidopsis plants were 
then transformed by Agrobacterium GV3101 hosting 
respective constructs following the dipping method as 
described by Clough and Bent 65. The T0 seeds were 
selected on /2 MS plates with 50 lug/ml kanamycin. 

In the case of pGreen II 0179-pGC1 (D1)::anti-GFP, the 
GV3101 with the helper plasmid pSOUP was used as the 
host strain, and the selection for Agrobacterium transfor 
mants was carried on LB plates with Kanamycin, gentamy 
cin, and tetracycline. This was used to transform 35S::GFP 
transgenic plants (kanamycin resistant). The T0 seeds were 
selected on /2 MS plates with 25 g/ml hygromycin 
(Roche). 
GUS Staining 

Seedlings were stained following a previously described 
protocol (62. 
Epi-Fluorescence Image Acquisition 

Transgenic Arabidopsis seedlings or sepals of pBI101 
pGC1::YC3.60 were simply placed between a microscope 
slide and a cover glass. A NIKONTM digital camera was 
attached to the microscope. Exposure time for the bright 
image is 5 seconds and 15-25 seconds for fluorescence 
image (excitation wavelength is 440 nm). For 35S::GFP 
plants and 35S:GFP plants transformed with pGREENIITM 
0179-pGC1 (D1): anti-GFP, intact leaf epidermis were used 
for epi-fluorescence image acquisition. 
Tobacco Plant Transformation 

In vitro sterile shoot cultures of Nicotiana tabacum cv. 
SR1 were maintained on /2MS agar medium containing 15 
g/l sucrose. The pH was adjusted to 5.5 before autoclaving. 
The tobacco culture was grown at 25°C., with a light/dark 
cycle of 16/8 h (light intensity was approximately 70 umol 
m’s'). Stable transformation of Nicotiana tabacum SR1 
with pBI101-pGC1-YC3.60 was performed as described 
previously 66. Transgenic regenerated tobacco shoots were 
selected by kanamycin (100 ug/ml) resistance and were then 
transferred on "/2MSagar medium containing 15 g/l Sucrose 
Supplemented with kanamycin (100 g/ml) and cefotaxime 
(200 lug/ml). T1 regenerated plants, which were able to set 
up root organogenesis in presence of kanamycin, were then 
analyzed for cameleon expression. 
Confocal Analysis of Transgenic Tobacco 
The tobacco leaves of plant transformed with p3I101 

pGC1-YC3.60 were observed with a Leica TCS SP2TM laser 
confocal microscope (Leica Microsystems). For cameleon 
detection, excitation was at 514 nm and emission between 
525 and 540 nm. The images acquired from the confocal 
microscope were processed using IMAGE JTM 67. 
Calcium Imaging and Imposed Ca" Transients 

All calcium imaging in this work was performed with a 
TE300TM inverted microscope using a TE-FMTM epi-fluo 
rescence attachment (Nikon Inc. Melville, N.Y.). Excitation 
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from a 75 W xenon lamp (Osram, Germany) was always 
attenuated 97% by using both 4x and 8x neutral density 
filters (3% transmission) to reduce bleaching of reporters 
during time-resolved imaging. Wavelength specificity was 
obtained with a cameleon filter set (440/20 excitation, 485/ 
40 emission1, 535/30 emission2, 455DCLPTM dichroic: fil 
ter set 71007aTM Chroma Technology, Rockingham, Vt.). 
Filter wheel, shutter and COOLSNAPTM CCD camera from 
Photomerics (Roper Scientific, Germany) were controlled 
with METAFLUORTM software (MDS, Inc., Toronto, 
Canada). 

Intact leaf epidermes of pCC1::YC3.60 transgenic plants 
were prepared for microscopy as described in Mori et al. 
(2006)11. On the microscope, intact epidermis was per 
fused with depolarization buffer (10 mM MES-Tris buffer, 
pH 6.1 containing 25 mM dipotassium imminodiacetate, and 
100 uM BAPTA) for 10 minutes to obtain a background. 
Subsequently hyperpolarizing buffer containing Ca" (10 
mM MES-Tris buffer, pH 6.1, 1 mM dipotassium immino 
diacetate, and 1 mM CaCl) was applied for 2 minutes 
intervals, followed by 5 minutes of depolarizing buffer. 
Calcium Imaging in Guard Cells of Intact Plants 

Both intact leaves and intact plants were used in this 
study. Medical adhesive (Hollister Inc., Libertyville, Ill.) 
was used to attach leaves to microscope cover glasses. A 
paintbrush was used to gently press the leaf to the coverslip. 
In the case of intact plants two different methods were 
followed. The first method was to submerge only the root 
with water while the shoot was left in air. The second 
method was to completely submerge entire seedlings in 
water. Sometimes Submerging only the root but not the shoot 
caused the leaf attached to the cover slip to show wilting in 
less than 10 minutes with Subsequent closure of the stomata. 
Most of the intact plant imaging experiments were therefore 
carried out by Submerging both the shoot (leaves) and the 
root in water. The submersion of the entire plant prevented 
the leaf from drying out and no stomatal closure was 
observed for more than 50 minutes. The imaging protocol 
was the same as in Mori et al., 2006 11. 
Estimation of Yellow Cameleon Concentration in Guard 
Cells 

Recombinant yellow cameleon protein was isolated after 
expression in E coli. Recombinant cameleon protein was 
then added at defined concentrations to a glass cover slip for 
fluorescence imaging. Then two additional cover slips were 
used to create a Slanted gradient of cameleon Solution 
thicknesses. This enabled analysis of various solution thick 
nesses in the range of stomatal guard cell thicknesses. 
Diluted yellow cameleon protein solutions at different con 
centrations were analyzed and the florescence intensity was 
measured for each concentration at various thicknesses. 
Calibration curves were generated for protein concentrations 
and florescent intensities at different thicknesses. This was 
utilized to estimate the yellow cameleon protein concentra 
tion in guard cells of pCC1::YC3.6 transgenic plants. 

TABLE I 

Summary of calcium imaging in guard cells of intact 
pGCl:YC3.60 transgenic Arabidopsis plants. 

GCS GCs with Spontaneous Percentage 
Experiments plants analyzed Ca2+ transients % 

I 5 24 18 75 
II 11 52 36 62.23 
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TABLE I-continued 

Summary of calcium imaging in guard cells of intact 
pGCl:YC3.60 transgenic Arabidopsis plants. 

GCS GCs with Spontaneous Percentage 
Experiments plants analyzed Ca2+ transients % 

III 11 55 36 65.45 
IV 9 S4 24 44.44 

Total 36 185 114 61.78% 

Only roots were submerged in water in experiment I. Both 
leaves and roots were submerged in water in experiments II, 
III, and IV. 

Example 4 

Characterization of CO Receptors that Control 
Plant CO, Uptake and Water Use Efficiency 

The invention provides compositions and methods for 
down-regulating or decreasing carbon dioxide (CO) and/or 
water exchange in a guard cell of a plant, plant cell, plant 
leaf plant organ or plant part comprising inter alia use of a 
polypeptide having a carbonic anhydrase (carbonate dehy 
dratase) activity, or a B-carbonic anhydrase activity, or a 
nucleic acid encoding the carbonic anhydrase polypeptide; 
and, expressing, or overexpressing, a COSen (CO sensor) 
protein-expressing nucleic acid and/or a COSen gene or 
transcript (message), and/or a carbonic anhydrase or a 
B-carbonic anhydrase, in the guard cell. The invention 
provides compositions and methods for up-regulating or 
increasing carbon dioxide (CO) and/or water exchange in a 
guard cell of a plant, plant cell, plant leaf plant organ or 
plant part comprising inter alia use of a nucleic acid anti 
sense to or otherwise inhibitory to a nucleic acid encoding 
a plant carbonic anhydrase (carbonate dehydratase), or a 
plant B-carbonic anhydrase; and expressing the antisense or 
inhibitory nucleic acid in the guard cell. 
The invention provides compositions and methods for 

controlling guard cells in Vivo, including their ability to form 
adjustable stomatal pores in the plant epidermis; thus, the 
invention provides compositions and methods for control 
ling CO influx for photosynthesis and transpirational water 
loss from plants to the atmosphere. 
The invention provides compositions and methods for 

controlling the diurnal rise in leaf CO concentration during 
the night phase, as well as the continuing rise in atmospheric 
ICO causes closing of the stomatal gas exchange pores; 
and thus the invention can affects carbon fixation and water 
use efficiency of plants. The invention provides composi 
tions and methods for controlling signal transduction mecha 
nisms that control CO-induced stomatal movements, 
including CO sensors that control this response. 

Using guard cell and leaf mesophyll cell specific microar 
rays, we identified highly expressed B-carbonic anhydrase 
genes, e.g., as designated CA1 and CA4 herein, also called 
in this application SEQID NO:3 (encoded, e.g., by SEQID 
NO:1, or “CA4” or “CORP2), or SEQID NO:9 (encoded, 
e.g., by SEQ ID NO:7, or “CA1, or “CORP1); and also 
including SEQID NO:6 (encoded, e.g., by SEQID NO:4, or 
“CA6). 

This invention demonstrates that double knock-out 
mutant plants (for the nucleic acids of the invention CA1 and 
CA4) show a dramatic reduction in CO regulation of plant 
gas exchange and stomatal movements. calca4 double 
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mutant plants exhibit functional responses to other physi 
ological stimuli including blue light, light-dark transitions 
and the phytohormone abscisic acid. Short-term addition of 
a carbonic anhydrase enzyme (CA) inhibitor to wild-type 
leaf epidermi mimics the CO insensitivity of calca4, con 
sistent with this invention's demonstrated role for carbonic 
anhydrases in CO signaling. 
Guard cell-targeted expression of either CA gene of this 

invention complements CO perception and signaling in 
calca4 mutant plants, demonstrating that this CO response 
originates from guard cells. Analyses of photosynthesis of 
intact mutant leaves show that calca4 mutation does not 
affect chlorophyll fluorescence or the CO assimilation rate. 
Moreover, norflurazon-bleached wild-type leaves show 
intact CO-induced stomatal movements, together suggest 
ing that the CA-mediated signaling pathway that controls 
gas exchange is not, in first order, linked to photosynthesis. 

Epistasis analyses with the htl kinase mutant (e.g., see 
Hashimoto et al., 2006) further provide genetic evidence that 
CA1 and CA4 function upstream in the guard cell CO 
signaling pathway. 

Targeted over-expression of either CA1 or CA4 in guard 
cells greatly enhances the water use efficiency of Arabidop 
sis plants, consistent with a vital role for these CAS in CO. 
regulation of plant gas exchange. Together these findings 
demonstrate for the first time an essential function of these 
guard cell-expressed carbonic anhydrases, including poly 
peptides of this invention, in CO, regulation of CO, influx 
and water use efficiency of plants, and also demonstrate that 
CA1 and CA4 function within the CO, sensory machinery of 
CO2 signaling. 
The invention compositions and methods of this invention 

can be used to ameliorate the continuing rise in atmospheric 
ICO that is predicted to affect natural and agricultural 
ecosystems on a global level. 
Results: 
The invention provides compositions and methods for 

over- and under-expressing B-carbonic anhydrase genes, 
e.g., genes of the invention as designated CA1 and CA4 
herein, also called in this application SEQ ID NO:3 (en 
coded, e.g., by SEQ ID NO:1, or “CA4” or “CORP2’, or 
At1g70410), or SEQ ID NO:9 (encoded, e.g., by SEQ ID 
NO:7, or “CA1, or “CORP1, or At3g01500); and also 
including SEQID NO:6 (encoded, e.g., by SEQID NO:4, or 
“CA6”, or Atlg58180). 
Among the different carbonic anhydrase (CAS) classes 

that catalyze the reversible hydration of CO, the B-class CA 
members CA1 (At3g01500), CA4 (Atlg70410) and CA6 
(At 1 g58180) showed high expression levels in guard cells 
according to cell-specific microarray analyses, see FIG. 22. 
as described e.g., by Leonhardt et al., 2004, Yang et al., 
2008. FIG. 22 illustrates a phylogenetic tree of Arabidopsis 
carbonic anhydrases (CAs), see e.g., Fabre et al., 2007, and 
corresponding guard cell specific microarray expression 
data in brackets: Left, 8K microarray data from Leonhardt et 
al., 2004: Right, 23K microarray data from Yang et al., 2008. 
As noted in FIG. 22, CA1., CA4 and CA6 (in bold) show the 
highest expression values among CAS in guard cells. 

FIG. 9 illustrates that disruption of the guard cell-ex 
pressed carbonic anhydrases CA1 and CA4 impair CO 
induced stomatal movements. For example, guard-cell 
expression of CA1, CA4 and CA6 was confirmed by RT 
PCR along with the highly guard cell-specific KAT1 
(At5g46240) and mesophyll-specific CBP (Atag33050) 
marker genes (Mori et al., 2006), as illustrated in FIG. 9A. 
RT-PCR was used to confirm CA1 and CA4 expression in 

guard cells and mesophyll cells compared to the highly 
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guard cell marker KAT1 (At5g46240) and mesophyll cell 
marker CBP (Atag33050); see e.g., Nakamura et al., 1995; 
Mori et al., 2006. FIGS. 9B and 9C illustrate RT-PCR 
analysis of calca4 double mutant leaves, the data shows lack 
of CA1 and CA4 transcripts. 

FIG. 9C, FIG. 9D, FIG. 9E, and FIG. 23 illustrate 
stomatal conductance responses to CO., blue-light and 
light-dark transitions in WT, calca4 or calca4caé mutant 
plants (d. e. n=7; n=5). The calca4 double mutant leaves 
show strong insensitivity to high CO-induced closing (FIG. 
9C, FIG. 9C, FIG. 9C) and consistent with this phenotype 
show elevated stomatal conductance at ambient (365-400 
ppm) ICO (FIG. 9C, FIG. 9E); while ca mutant plants 
showed robust stomatal responses to blue light and light 
dark transition (FIG. 23). Values ind were normalized to the 
last data point prior to the 365-800 ppm CO, transition. 

FIG. 10A illustrates stomata in calca4 double mutant 
leaves close in response to abscisic acid; n 3 experiments, 
30 stomata/experiment and condition. Error bars depict 
meansits.e.m. FIG. 10B illustrates CO-induced stomatal 
movements are impaired in calca4 double mutant leaves and 
in wild-type leaf epidermis treated with the carbonic anhy 
drase inhibitor 6-ethoxy-2-benzothiazolesulphonamide 
(EZA) (n-6, 30 stomata/sample); see e.g., Becker et al., 
2007. 
One sequence-indexed T-DNA (transfer DNA) insertion 

mutant were obtained through The Arabidopsis Information 
Resource (TAIR) center for each of the three CAS genes and 
referred tO aS cal (SALK 106570), ca4 
(WiscDsLox508D11) and caé (SALK 044658). Because 
initial data indicated that all single mutants retained normal 
CO sensitivity, the calca4, ca4ca6, calcao double mutants 
as well as the calca4ca6 triple mutant were Subsequently 
generated for assessment of CO sensitivity. CA1 and CA4 
expression was not detected in calca4 double mutant leaves, 
as illustrated in FIG. 9B, and the additional lack of CA6 
transcript in calca4ca6 was also confirmed, as illustrated in 
FIG. 24A. FIG. 24B, FIG. 24C, FIG. 24D and FIG. 24E 
graphically illustrate data showing that ca4caé double 
mutants exhibit intact CO responses while calca4 and 
calca4cao display the same impairment of CO2 perception. 
FIG. 24B, FIG. 24C, FIG. 24D and FIG. 24E graphically 
illustrate stomatal conductance in mol water m sec'. 

Stomatal conductance analyses in response to CO. 
changes showed a strong CO insensitivity in calca4 double 
mutant, as illustrated in FIG. 9C, FIG. 9D, FIG. 9E; and 
calca4caé triple mutant, as illustrated in FIG. 24B, FIG. 
24C, FIG. 24D and FIG. 24E, plants while calcao and 
ca4cao plants were behaving like wild-type. 

FIG. 9C illustrates that the ca mutant plants showed a 
higher stomatal conductance at ambient CO (365-400 
ppm). In contrast to the impairment in CO responses, as 
illustrated in FIG. 9C, FIG.9D, FIG.9E and FIG.24D, FIG. 
24E and FIG. 24F, calca4ca6 plants showed robust blue 
light and light-dark transitions induced responses despite the 
higher starting stomatal conductance of the ca mutant plants, 
as illustrated in FIG. 23. 
To determine whether the impaired CO responses in 

intact leaves (see FIG. 9C, FIG. 9D, FIG.9E) are linked to 
stomatal movements, CO responses were analyzed in leaf 
epidermis. CO-induced stomatal movements were impaired 
in calca4 as compared to wild-type, as illustrated in FIG. 
10B. Furthermore, when wild-type leaf epidermis were 
treated for 30 min with the membrane-permeable CA inhibi 
tor EZA (see, e.g., Becker et al., 2007), CO-induced sto 
matal opening and closing were inhibited, which correlates 
with a role for carbonic anhydrases in CO. Sensing, rather 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

72 
than a long-term developmental effect of CA gene disruption 
on the rapid CO, response, as illustrated in FIG. 10B. In 
contrast, abscisic acid (ABA)-induced stomatal closing was 
completely functional in calca4 leaf epidermis, as illustrated 
in FIG. 10A. 
When genomic constructs (approximately 4.5 Kb) con 

taining only the wild-type CA1 or CA4 gene and flanking 
sequences were introduced in the calca4 mutant, CA1 or 
CA4 expression was restored in leaves of several indepen 
dent transgenic lines, as illustrated in FIG. 11A and FIG. 
11B. In contrast to calca4, all transgenic lines exhibited 
wild-type-like response to ICO changes, as illustrated in 
FIG. 11C and FIG. 11D, and FIG. 25. These data therefore 
demonstrate that disruption of CA1 and CA4 is indeed 
responsible for the phenotypes observed in calca4 plants 
and that expression of either gene is sufficient for comple 
mentation. 

In summary, FIG. 11 illustrates that introduction of wild 
type genomic copies of CA1 or CA4 complements the 
calca4 CO-insensitive phenotypes. FIG. 11A and FIG. 
11B: illustrates data of RT-PCR analyses (29 cycles) con 
firming restoration of CA1 (FIG. 11A) and CA4 (FIG. 11B) 
expression in calca4 double mutant leaves transformed with 
genomic CA1 (FIG. 11A) or CA4 (FIG. 11B) constructs. 
Three independent transgenic lines per genomic construct 
were analyzed. Actin (At2g37620) was used as a control. 
FIG. 11C and FIG. 11D in contrast to calca4, both comple 
mented CA1 #1 (FIG. 11C) and CA4#1 (FIG. 11D) lines 
exhibit recovery of CO2-regulated Stomatal conductance 
changes (n=8 leaves for calca4, n=10 for WT and n=4 for 
any of the complemented lines). Error bars depict 
means-Es.e.m. See also FIG. 25 for data from other indepen 
dent transgenic lines. 

In summary, FIG. 25 illustrates data demonstrating that 
several independent transgenic lines of calca4 transformed 
with wild-type copy of either CA1 or CA4 exhibit recovery 
of CO changes-induced responses. Two additional 
complemented lines with CA1, CA1 #2 (FIG. 25A) and 
CA1 #3 (FIG. 25B) or CA4, CA4iii.2 (FIG. 25C) and CA4#3 
(FIG. 25D) show normal stomatal conductance increase and 
decrease in response to ICO changes. n 4 leaves for each 
of the complemented lines. Wild-type (n=10) and calca4 
(n=8) shown here are the same as the ones depicted in FIG. 
11, discussed above. Error bars depict meansits.e.m. 
To examine the subcellular localization of CA1 and CA4, 

the yellow fluorescent protein (YFP) fused to the C-terminus 
of CA1 or CA4 was transiently expressed in tobacco pro 
toplasts, as illustrated in FIG. 26: which illustrates fluores 
cent pictures (confocal imaging) of cells with different 
localization patterns of CA1-YFP and CA4-YFP in tobacco 
protoplasts. As noted in FIG. 26, plasmids encoding YFP. 
FLS2-YFP, CA1-YFP and CA4-YFP were transiently 
expressed in tobacco protoplasts; filters are indicated on the 
top of the figure, while the fusions are indicated on the left 
of the figure; pictures on the far right of FIG. 26 show an 
overlay of YFP and chlorophyll images. Similar to the 
plasma membrane-localized FLS2-YFP fusion, this data 
demonstrates that CA4-YFP localizes to the cell periphery, 
while CA1-YFP fluorescence appears to co-localize with the 
chloroplasts. 

Confocal imaging of the CA4-YFP showed a cell-periph 
eral expression pattern identical to the Leu-rich repeat 
transmembrane receptor kinase FLS2-YFP (FLAGELLIN 
SENSITIVE2) (see e.g., Robatzek et al., 2006) fusion pat 
tern, as illustrated in FIG. 26. In contrast, fluorescence from 
the CA1-YFP fusion seemed to surround the autofluores 
cence of the chlorophyll suggesting that CA1 may be 
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localized to the chloroplasts, as illustrated in FIG. 26. This 
differential expression pattern of CA1-YFP and CA4-YFP 
fusions is in accordance with another CA localization study 
(see, e.g., 

Fabre et al., 2007. 
Since CA4 appeared to be localized to chloroplasts, we 

then assessed whether the role of CAS in CO, perception is 
dependent on photosynthesis by comparing the chlorophyll 
fluorescence of wild-type and the calca4caé mutant in 
which the three major guard cells-expressed CA genes (see 
FIG. 22) are knocked-out. The maximum efficiency of 
photosystem II (Fv/Fm) in dark-adapted leaves was unaf 
fected by CA mis-expression, as illustrated in FIG. 12A. 
Similarly, no difference between quantum yield of photo 
system II (PSII, des) in wild-type and calca4caé leaves 
pre-adapted at low (50 um m's') or high (2000 umol 
m’s') photosynthetically active radiation was detected, as 
illustrated in FIG. 12B and FIG. 12C. If the role of CAS in 
CO2 perception is mediated through photosynthetic activi 
ties, the onset of photosynthesis at the transition from 
darkness to illumination with photosynthetically active red 
light should be affected. Analysis of the CO assimilation 
rate in calca4caé and wild-type showed that both genotypes 
reached their steady-state photosynthetic activity in the same 
time frame upon 300 umol mis' red light irradiation, as 
illustrated in FIG. 12D. 
To further analyze whether intact photosynthesis is 

required for CO regulation of stomatal movements, another 
approach was carried out. Photosynthetic activities were 
blocked in newly emerging leaves by watering 3 to 4 
week-old wild-type Arabidopsis thaliana plants with the 
carotenoid biosynthesis inhibitor Norflurazon (Nf) yielding 
albino chlorophyll-deficient wild-type leaves devoid of 
functional chloroplasts, as illustrated in FIG. 13A (see, e.g., 
Roelfsema et al., 2006). The absence of functional chloro 
plasts in the Nf-treated plants was confirmed by visualizing, 
as illustrated in FIG. 13B, and quantifying, as illustrated in 
FIG. 13C, chlorophyll fluorescence with confocal micros 
copy As illustrated in FIG. 13D, the stomatal CO response 
to both high and low ICO, in intact leaves was not affected 
by the absence of functional chloroplasts (albino 0 ppm. 
ICO compared to albino 800 ppm. ICO), P=8.9E-21, 
n=6). Thus, our data demonstrate that photosynthetic activi 
ties are not disrupted in ca mutant plants which display 
impaired CO2 perception and are not required for a func 
tional stomatal CO response in Arabidopsis (as illustrated 
in FIGS. 12 and 13) as previously reported in Vicia faba 
(see, e.g., Roelfsema et al., 2006). However, noting that this 
invention is not limited by any particular mechanism of 
action, these findings do not exclude additional CA-inde 
pendent mechanisms by which photosynthesis may be 
linked to stomatal movements (see, e.g. Messinger et al., 
2006). 

In summary, in FIGS. 12 and 13: photosynthesis-related 
activities are not directly linked to CA-mediated CO 
induced stomatal response. FIG. 12A, FIG. 1B and FIG. 12C 
graphically illustrate chlorophyll fluorescence analysis that 
revealed no differences between WT and calca4caé mutant 
plants with respect to the maximum efficiency of photosys 
tem II (PSII) -Fv/Fm, in dark-adapted leaves (n=10) (FIG. 
12A) or to the quantum yield of PSII-des, in leaves (n=6) 
pre-adapted at 50 umol m°s' (FIG. 12B) or 2000 umol 
m’s' (FIG. 12C) photosynthetically active radiation. FIG. 
12D illustrates red light-induced photosynthetic activity of 
intact leaves was not impaired in calca4caé (n-6). 

FIG. 13A illustrates an image of chlorophyll-deficient 
albino wild-type leaves devoid of functional chloroplasts 
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were generated by application of the carotenoid biosynthesis 
inhibitor norflurazon. The absence of chlorophyll in albino 
guard cells compared to wild-type was visualized by con 
focal microscopy (FIG. 13B graphically illustrates data) and 
quantified by image analysis of the chlorophyll fluorescence 
intensity (FIG. 13C graphically illustrates data) (n=3, 12 
stomata/sample.). FIG. 13D graphically illustrates data 
showing CO-induced stomatal movements in albino Versus 
control plant leaves (n=7, 50 stomata/sample). Error bars 
depict meansits.e.m. 
CA1 and CA4 are expressed in both guard cells and 

mesophyll cells (see FIG. 9A) and knock-out mutant plants 
show impaired CO responses. We next analyzed whether 
CA1 or CA4 expression targeted to guard cells is Sufficient 
to complement the CO response phenotypes of the calca4 
mutant. 

The cDNAs of CA1 or CA4 driven by a strong guard cell 
promoter of this invention, as described in Example 3, 
above, were transformed into calca4 double mutant plants 
and their preferential guard cell expression was confirmed 
by RT-PCR in several independent transgenic lines, as 
illustrated in FIG. 27A and FIG. 27B, using the guard cell 
specific marker KAT1 (see, e.g., Nakamira et al., 1998) and 
the mesophyll cell marker CBP (see, e.g., Mori et al., 2006). 
Transgenic calca4 plants expressing CA1 or CA4 preferen 
tially in guard cells showed stronger stomatal conductance 
changes in response to ICO shifts, as illustrated in FIG. 
27C, FIG. 27D; and FIG. 28; four total independent trans 
genic lines were analyzed. These results demonstrate that 
generating expression of CO sensor genes of this invention, 
including CA1 or CA4 expression, in guard cells is sufficient 
to complement the impaired CO response of calca4 double 
mutant, and that these carbonic anhydrases (CAS) function 
in CO2 perception primarily in guard cells. Thus, these 
results demonstrate that expressing CO sensor genes of this 
invention, including CA1 or CA4 expression, in guard cells 
can manipulate plant CO responses. 
The earliest component of CO signaling identified thus 

far in guard cells is the HT1 kinase, a negative regulator of 
the pathway (see, e.g., Hashimoto et al., 2006). The strong 
ht1-2 allele exhibits a constitutive high-CO, response. To 
investigate whether the carbonic anhydrases (CAS) function 
upstream or downstream of HT1, the calca4ht 1-2 triple 
mutant was generated and its stomatal conductance was 
analyzed in response to ICO changes. As clearly depicted 
in FIG. 27E, and in clear contrast with calca4 double mutant 
or wild-type, calca4ht1-2 plants exhibited a phenotype 
indistinguishable from the single ht1-2 mutant. These data 
provide genetic evidence that CA1 and CA4 act upstream of 
the earliest CO signaling component known to date, con 
sistent with a CO sensor function for these carbonic anhy 
drases (CAS). 

In summary, FIG. 27A to G, and FIG. 14C, graphically 
illustrate data showing that guard cell preferential driven 
expression of CA1 or CA4 cDNAs restores CO, perception 
in calca4 and CA over-expressing plants exhibit improved 
water use efficiency. FIG. 27A and FIG. 27B graphically 
illustrate a RT-PCR analysis of CA1 and CA4 expression in 
guard cell protoplasts and mesophyll cells of complemen 
tation plants with CA1 or CA4 driven by the guard cell 
targeted promoter of this invention pGC1 (see Example 3, 
above). GC, guard cell; MC, mesophyll cell. CA1 gc in, 
complementation line n with CA1 clNA driven by the 
guard cell promoter. KAT1, AtSg46240, guard cell marker 
(Nakamura et al., 1998); CBP. At4.g33050, mesophyll cell 
marker (Mori et al., 2006). 
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FIG. 27C and FIG. 27D graphically illustrate CO-in 
duced stomatal conductance change of guard cell-targeted 
lines, calca4 double mutant and wild-type (WT) plants in 
response to the indicated ICO shifts (in ppm, n=4. 
its.e.m.). CA1 or CA4 expression in guard cells is Sufficient 
for restoration of the CO response. FIG. 27E graphically 
illustrates Stomatal conductance of calca4 (n=4), wild-type 
(n=4), ht1-2 (n=7) and triple calca4ht1-2 mutant (n=7) 
leaves in response to the indicated ICO changes (in ppm, 
its.e.m.). FIG. 27F and FIG. 27G graphically illustrate 
stomatal conductance of CA over-expressing lines and wild 
type (WT) plants in response to the indicated ICO changes 
(in ppm, n=4. Its.e.m.). 

FIG. 14A and FIG. 14B graphically illustrate CA1 (FIG. 
14A) and CA4 (FIG. 14B) over-expressing plants show 
improved water use efficiency (WUE, umol CO mmol 
HO) (n=5, ts.e.m.). FIG. 14C illustrates photographs of 
wild-type, calca4 and CA over-expressing lines grown 
under standard conditions. 

In summary, FIGS. 28A to F graphically illustrate guard 
cell specific complementation of either CA1 or CA4 restores 
stomatal CO responses in calca4. CO response data of an 
additional line complemented with CA1 or CA4 guard 
cell-targeted expression, as graphically illustrated in FIG. 
28A and FIG. 28B-4) and relative stomatal conductance 
CO response of the guard cell-targeted 4 independent 
complemented lines analyzed (two in FIG. 27C and FIG. 
27D; two in FIG. 28A and FIG. 28B). FIGS. 28C to F 
graphically illustrate relative stomatal conductance values 
were normalized to the last data point prior to the 365-800 
ppm CO switch. Error bars depict meansits.e.m. 
We also analyzed whether over-expression of CA1 or 

CA4 in guard cells of wild-type plants could be a good 
strategy to enhance plant response to atmospheric CO 
changes. Transgenic plants over-expressing CA1 or CA4 
under control of a strong guard cell promoter of this inven 
tion (as described in Example 3, above) were generated in 
the wild-type background and confirmed by RT-PCR, as 
illustrated in FIG. 14A and FIG. 14B. Four independent 
CA1- and CA4-overexpressing lines displayed a reduced 
stomatal conductance at all CO concentrations tested, con 
sistent with an enhanced CO, response, as illustrated in FIG. 
27F and FIG. 27G. Interestingly, a significant difference in 
water use efficiency (WUE) among the double calca4 
mutant, CA over-expressing and wild-type plants was con 
sistently noticed. Over-expression of either the CA1 or CA4 
gene in wild-type Substantially improved water use effi 
ciency by 50% at ambient ICO), as illustrated in FIG. 14C, 
where p-0.01. Under the imposed standard condition, no 
other phenotypic growth differences were observed among 
wild-type and CA over-expressing plants, as in the photo 
illustrated in FIG. 14C. These data demonstrate that guard 
cell targeted over-expression of carbonic anhydrases (CAS), 
including the CA genes of this invention, provide an efficient 
and effective approach for improving the water use effi 
ciency of plants. These data demonstrate that the composi 
tions and methods of this invention can be used to address 
and ameliorate the increase in atmospheric CO concentra 
tions. 

In summary, in FIG. 29 graphically illustrates data show 
ing that the over-expression of either CA1 or CA4 in 
wild-type guard cells decreases the overall stomatal conduc 
tance and slightly increases the magnitude of the stomatal 
CO response. FIG. 29C and FIG. 29D graphically illustrate 
RT-PCR analysis of CA1 or CA4 in leaves of over-express 
ing lines driven by the preferential guard cell promoter 
pGC1. Stomatal conductance measurements of an additional 
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line over-expressing the CA1 gene, as illustrated in FIG. 
29A, and additional line over-expressing the CA4 gene, as 
illustrated in FIG. 29B. Relative stomatal conductance val 
ues, as illustrated in FIG. 29C, FIG. 29D, FIG. 29E, and 
FIG. 29F, were normalized to the last data point prior to the 
365-800 ppm CO switch. Error bars depict meansits.e.m. 
FIG. 29A, FIG. 29C, FIG. 29D, and FIG. 29E, n=4; FIG. 
29B, FIG. 29F, n=3. 
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tion, but are sensitive to blue light, CO2 and abscisic acid. & G 99 
Plant Cell and Environment 29, 1595-1605 (2006). Rubisco" enzyme; thus, the invention also provides com 

21. Sellers, P. J. et al. Modeling the exchanges of energy, positions and methods for manipulating CO, signal trans 
water, and carbon between continents and the atmosphere. 15 duction and regulation of gas exchange in a plant or plant 
Science 275, 502-509 (1997). part, e.g., a plant organ, leaf and the like. For example, in 

22. Vahisalu, T. et al. SLAC1 is required for plant guard cell One aspect, the invention provides compositions and meth 
S-type anion channel function in stomatal signalling. ods for engineering an increased amount of PEPC (to 
Nature 452, 487-U15 (2008). facilitate stomatal opening) and/or engineering the amount 

23. von Caemmerer, S. et al. Stomatal conductance does not 20 of "Rubisco' enzyme. 
correlate with photosynthetic capacity in transgenic In alternative aspects of this invention, PEPCs and 
tobacco with reduced amounts of Rubisco. Journal of Rubisco nucleic acids are expressed in plant cells, e.g., in 
Experimental Botany 55, 1157-1166 (2004). plant guard cells and mesophyll cells; and in one aspect, they 

24. Webb, A. A. R. & Hetherington, A. M. Convergence of are expressed at high levels (higher than wild type levels); 
the abscisic acid, CO2, and extracellular calcium signal 25 or, PEPCs and Rubisco nucleic acids expression is inhibited, 
transduction pathways in stomatal guard cells. Plant decreased or repressed in plant cells, e.g., in plant guard cells 
Physiology 114, 1557-1560 (1997). and mesophyll cells; and in one aspect, they are expressed 

20. Yang, Y., Costa, A., Leonhardt, N., Siegel, R. S. & at lower levels (lower than wild type levels). Plant cells 
Schroeder, J. I. Isolation of a strong Arabidopsis guard engineered in these alternative embodiments include iso 
cell promoter and its potential role as a research tool. 30 lated, cultured or transgenic plants and plant cells of this 
Plant Methods 4, (2008). 

26. Young, J. J. et al. CO2 signaling in guard cells: Calcium 
sensitivity response modulation, a Ca2+-independent 
phase, and CO2 insensitivity of the gca2 mutant. Pro 

invention. 
The following exemplary PEPCs and Rubisco nucleic 

acids and Subsequences thereof, including sense coding, and 
antisense sequences (such as siRNA, miRNA, and the like) 

ceedings of the National Academy of Sciences of the 35 
United States of America 103, 7506-7511 (2006). 

can be used to practice the compositions and methods and 
methods of this invention: 

Name- SEO ID NO: 
acti- and 
vity Genbank No. sequence 

PPC1 SEQ ID NO: 12 gttatgtatic totgaaatctgaatctgactgacttcaaagga cacagottt tact tct 
At1g53310 atalactgagcgaag caggtgaaaaaatggcgaatcggaagttagagaagatggcatcg 

attgatgttcatct tcgt caactggttcc tigcaaagttagtgaagacgacaa.gcttg 
ttgagtatgatgctittgcttctagat.cggitttct cqatat cotccaggatttgcacgg 
tgaagat Ctc.cgtgaaactgttcaagagctt tatgagcattctgcagaatacgaaggg 
aag catgaacct aagaagctagaggagct agggagtgtgctaacgagtttagatc.ca.g 
gagattic cattgttatcqctaaagctittct ct catatgctta acttagc caatttggc 
tgaggaagtgcagattgcttatcgc.cgtaggat Caagaagctgaagaaaggtgattitt 
gttgatgaga.gctctgctac tactgaatctgat cittgaagaaactittcaagaa.gcttg 
ttggagatctgaacaagt ct cotgaagagat ctittgatgct citcaagaatcagactgt 
ggatttggttittgactgct catcct acticagtctgtgagaagat cattgcttcagaaa 
Catgggaggataagagactgtctggct caactatatgctaaggat attact cotgatg 
acaa.gcaa.gagctic gatgaggct Cttcagagagagattcaagctgcatt Cogaac aga 
tgaaatcaaaagaacaccaccitact cotcaagatgagatgagagcgggaatgagttat 
titc catgaaact atctggaaaggtgttcc taagtttctg.cgc.cgtgttgacacggctt 
tgaaaaa.cat agggat.cgaagaacgtgttccatataatgctic cattgatticagttctic 
ttcttggatgggtggtgatcgtgacggta acccaagggittacacctgaagt caccaga 
gatgtttgcttgttagctagaatgatggctgctactatgtactittalaccaaatcgaag 
atctitatgtttgagatgtctatgtggcgttgcaatgacgagctg.cgtgcgc.gagctga 
tgaagttcatgcaaattic gaggaaagatgctgcaaaac attacatagaattctggaag 
t caattic ctacaactgagccataccgtgtgatt cittggcgatgtaagggacaa.gctitt 
at cacacacgtgaacgc.gct catcaactgct cagdaatggacactctgatgtc.cctgt 
agaggct actittgattaacttggaacagttcttggaacct cittgagctctgttac.cga 
t citctgttgttcatgtggtgatcgt.ccaatagoagatggaagc ctitcttgatttcttga 
ggcaagttcticaacctttgggctic totcttgtgagacittgacatalaggcaagaatctga 
cc.gc.cacact gatgitattggatgctat caccacgcatttagatat cqgatcct acaga 
gagtggtctgaagaacgc.cgc.caagaatggcttittatctgagctaagtggcaaacgt.c 
cgcttitt cqgttctgatct tcctaaaaccogaagaaatagotgatgttctggacacgtt 
t catgtcatago cqagctaccagcagatagotttggtgcttacattatctotatggca 
actgcaccttctgatgtatt agctgttgagcttittacagcgtgaatgcc.gagtgaaac 
agc ctittgagagttgttc.cgct ctittgagaa.gctagoagatctggalagcagct Cotgc 
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acti- and 
vity Genbank No. 
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sequence 

AACCACCTAAGTGGAGATTACTTCTCAGAGTTCTTGCCTTACT CAACTATCTATCTAGAGGTTG 
AGAAGTTCAAGAAATCCCTTGGAATCGCCATCTAGAAAGCTTCTTCCAGGTTTCTGGCTACTTC 
CCTCATTAAGAAAGCTTCTTCGTTTTCGGAATTTGATCTGAATAAGTAGCTGCGGAACAAGAAA 
AAGAGCAGAGCTGTGTTTCAAATGTTGTCTTCTCTGTTTGTTTTGTTTAAGTTCATATCCTTGT 
GTTCAAACTTTCTATGAAGATGATAATGGTGAAAACTGGAAAGTGTAAAACTTCTTTCGTCTCC 
CCT CACAATTGGAAAAGCTAATAATCTCGTAGTGTTATAGAA 

A number of aspects of the invention have been described. 
Nevertheless, it will be understood that various modifica 
tions may be made without departing from the spirit and 
Scope of the invention. Accordingly, other aspects are within 
the scope of the following claims. 

SEQUENCE LISTING 

<16O is NUMBER OF SEO ID NOS: 36 

<210s, SEQ ID NO 1 
&211s LENGTH: 1336 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 1 

cgaacggit cq t cataatticc 

tcc catataa attaagattit 

citctgcct catcatcttcaa 

agcc ttacca agagcttctt 

agat cattta taatggct co 

tcc.ccggaaa aagacgaaat 

gatc.ttctica gtacgaaag.c 

acggcggagc taaaggagct 

ggttitt actic aattcaaaac 

gccaag actic agaccc caaa 

t ct cacatct tdaattitcca 

gttccaccitt ttgaccagaa 

gtacatctica aggtggagaa 

ggacticatgt C cattgaaga 

gtgaagatag gcgcatcagc 

gatgat caat gcaacaagtg 

tcgt accc at tctgaga.gc 

tacaattt cq t caaaggaac 

tittgcc ttct cittaagaaag 

agacactittg act catctitt 

gatttcttitt tdttaattica 

ataaagctgt aaccaacgtt 

tttgaactitt cottct 

ttgaaacctic gaaaatccaa aaacccatat coaatctitct 6 O 

ttatttattt atttgtttac ttatttcaat tcc caaaatc 12 O 

actgttacca C9tcCatagg gttgtcgaag agctaggaag 18O 

Ctt Coccitaa catttaggitt gg taggaga a gcaaaggaag 24 O 

tgcatt.cgga aaatgtttca togttctgct g c gotaaaacc 3OO 

ggcaacggaa ticgtacgaag cc.gcc attaa aggacticaat 360 

ggat Ctcgga aacgt.cgc.cg cc.gcgaagat Caaag.cgttg 42O 

tgact caa.gc aattcagacg caattgaacg aatcaag acc 48O 

cgagaaat at ttgaagaata gtactttgtt caatcatctt 54 O 

gtttctggtg tttgcttgct citgattct cq agtttgtc.ca 6OO 

acctggtgag gcttttgttgtcagaaa.cat agccalatatg 660 

gagacact ct ggagttggcg cc.gc.cgttga atacgcagtt 72 O 

Cattittggtg at aggccata gctgctgtgg ttattaag 78O 

tgatgctgcc ccaactcaaa gtgactt cat tdaaaattgg 84 O 

gaggaacaag at Caaggagg alacataaaga Cttgagctac 9 OO 

tgagaaggaa gctgttgaacg tat cqcttgg aaacttgctt 96.O 

tgaggtggtg aagaacacac ttgcaataag aggaggt cac 1 O2O 

gtttgat citc tdggagct cq atttcaagac cactic ct gct 108 O 

aaagctaccg gaa catataa aacticttittg agataaaaaa 114 O 

citt cattctic ticatgttgat gattic ct ct c caactitctitt 12 OO 

aaactitcaiac tittgctgct t c tatttcaaa agctcaaaca 126 O 

tgaaacttct at atttgtct aattgatgtt tdaacgaaga 132O 

1336 
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Thir Thr Pro Ala Phe Ala Phe Ser 
27s 28O 

<210s, SEQ ID NO 3 
&211s LENGTH: 28O 
212. TYPE: PRT 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 3 

Met Ala Pro Ala Phe Gly Lys Cys Phe Met Phe Cys Cys Ala Lys Thr 
1. 5 1O 15 

Ser Pro Glu Lys Asp Glu Met Ala Thr Glu Ser Tyr Glu Ala Ala Ile 
2O 25 3O 

Lys Gly Lieu. Asn Asp Lieu Lleu Ser Thr Lys Ala Asp Lieu. Gly Asn. Wall 
35 4 O 45 

Ala Ala Ala Lys Ile Lys Ala Lieu. Thir Ala Glu Lieu Lys Glu Lieu. Asp 
SO 55 6 O 

Ser Ser Asn Ser Asp Ala Ile Glu Arg Ile Llys Thr Gly Phe Thr Glin 
65 70 7s 8O 

Phe Llys Thr Glu Lys Tyr Lieu Lys Asn. Ser Thr Lieu. Phe Asn His Lieu. 
85 90 95 

Ala Lys Thr Glin Thr Pro Llys Phe Leu Val Phe Ala Cys Ser Asp Ser 
1OO 105 11 O 

Arg Val Cys Pro Ser His Ile Lieu. Asn Phe Gln Pro Gly Glu Ala Phe 
115 12 O 125 

Val Val Arg Asn. Ile Ala Asn Met Val Pro Pro Phe Asp Glin Lys Arg 
13 O 135 14 O 

His Ser Gly Val Gly Ala Ala Val Glu Tyr Ala Val Val His Lieu Lys 
145 150 155 160 

Val Glu Asn. Ile Lieu Val Ile Gly. His Ser Cys Cys Gly Gly Ile Llys 
1.65 17O 17s 

Gly Lieu Met Ser Ile Glu Asp Asp Ala Ala Pro Thr Glin Ser Asp Phe 
18O 185 19 O 

Ile Glu Asn Trp Wall Lys Ile Gly Ala Ser Ala Arg Asn Lys Ile Llys 
195 2OO 2O5 

Glu Glu. His Lys Asp Lieu. Ser Tyr Asp Asp Glin Cys Asn Lys Cys Glu 
21 O 215 22O 

Lys Glu Ala Val Asn Val Ser Lieu. Gly Asn Lieu Lleu Ser Tyr Pro Phe 
225 23 O 235 24 O 

Val Arg Ala Glu Val Val Lys Asn. Thir Lieu Ala Ile Arg Gly Gly His 
245 250 255 

Tyr Asn. Phe Wall Lys Gly Thr Phe Asp Lieu. Trp Glu Lieu. Asp Phe Lys 
26 O 265 27 O 

Thir Thr Pro Ala Phe Ala Phe Ser 
27s 28O 

<210s, SEQ ID NO 4 
&211s LENGTH: 1151 

&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 4 

caaaattcat gtgttagttc ttcttctitta caaaattgag tittaaactgt titt attact a 6 O 

atccaaatga gcaat cactt togcact atta atagaaaata atacaca acc aaa catctaa 12 O 

aagatact at aatagtagag atcaaaga cc tdagcaaaaa citgaaagaaa aaaaaaaaaa 18O 
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aaaaaaaaga Cttctic ct ca aaaatggcgt ttacact agg talaga.gct catcgt.ctag 24 O 

t citctgcaac at cagttcat caaaatggitt gcttacacaa actgcaacaa attggat.cgg 3OO 

atcggttt ca gcttggtgaa gCaaaagcaa taagattact acc caggaga acaaacatgg 360 

ttcaagaatt aggaat Cagg gaagaattta tigatctaala cagagaalaca gagacaagtt 42O 

atgattittct ggatgaaatg agacacagat ttctgaaatt caa.gagacaa aagtatic tac 48O 

cggagataga aaagtttaaa gCtttggcca tagct caatc accalaaggta atggtgatag 54 O 

gatgtgcaga ttcaagggta t t cc at Ctt atgtact agg atttcaacct ggtgaagctt 6OO 

ttact atc.cg aaatgtc.gcc aatct cqtta ccc.cggttca gaatggacca acaga aacca 660 

acticggct ct tagtttgcg gt caccactic titcaggttga galacattata gtt atgggt C 72 O 

at agcaattg tdgaggaatt gcago actta tagt catca aaaccaccala gggcaac act 78O 

Ctagtttagt agaaaggtgg gtt atgaatg ggaaag.ccgc taagttalaga acaca attag 84 O 

citt cat caca tttatc ctitt gatgaacaat gcagaaactg tdagaaggaa totataaagg 9 OO 

attctgttgat gaatttgata act tatto at ggataagaga tagagtaaag agaggtgaag 96.O 

t caagattica toggatgtt at tacaatttgt cagattgtag tottgagaag toggagattaa 1 O2O 

gttcagacaa gactaact at ggattictata titt Cagacag agagatatgg agttgagtaa 108 O 

at attgaaca atcct cagtt ctaat attca gatgitat citt totacatacg aaatgatatt 114 O 

tacacaattig g 1151 

<210s, SEQ ID NO 5 
& 211 LENGTH; 873 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 
22 Os. FEATURE: 

<221s NAME/KEY: CDS 
<222s. LOCATION: (1) ... (873) 

<4 OOs, SEQUENCE: 5 

atg gcg titt aca. Cta ggt gga aga gct cqt cqt cta gtc. tct gca aca 48 
Met Ala Phe Thr Lieu. Gly Gly Arg Ala Arg Arg Lieu Val Ser Ala Thr 
1. 5 1O 15 

t ca gtt cat caa aat gigt togc tita cac aaa citg caa caa att gga tog 96 
Ser Val His Glin Asn Gly Cys Lieu. His Llys Lieu. Glin Glin Ile Gly Ser 

2O 25 3O 

gat cqg titt cag Ctt ggit gaa goa aaa gCa ata aga tta ct a ccc agg 144 
Asp Arg Phe Glin Lieu. Gly Glu Ala Lys Ala Ile Arg Lieu. Lieu Pro Arg 

35 4 O 45 

aga aca aac atg gtt Caa gaa tta gga at C agg gaa gaa titt atg gat 192 
Arg Thr Asn Met Val Glin Glu Lieu. Gly Ile Arg Glu Glu Phe Met Asp 

SO 55 6 O 

Cta aac aga. gala aca gag aca agt tat gat titt Ctg gat gala atg aga 24 O 
Lieu. Asn Arg Glu Thr Glu Thir Ser Tyr Asp Phe Lieu. Asp Glu Met Arg 
65 70 7s 8O 

cac aga titt ctgaaa titc aag aga caa aag tat cta ccg gag at a gala 288 
His Arg Phe Lieu Lys Phe Lys Arg Glin Llys Tyr Lieu Pro Glu Ile Glu 

85 90 95 

aag titt aaa got ttg gcc at a got caa to a cca aag gta at g g td at a 336 
Llys Phe Lys Ala Lieu Ala Ile Ala Glin Ser Pro Llys Val Met Val Ile 

1OO 105 11 O 

gga tigt gca gat tca agg gta t t cca tot tat gta Cta gga titt cala 384 
Gly Cys Ala Asp Ser Arg Val Cys Pro Ser Tyr Val Lieu. Gly Phe Glin 

115 12 O 125 

cct ggit gaa got titt act atc cda aat gtc gcc aat citc gtt acc cc.g 432 
Pro Gly Glu Ala Phe Thir Ile Arg Asn Val Ala Asn Lieu Val Thr Pro 



103 

13 O 135 

gtt cag aat gga cca aca gaa 
Val Glin Asn Gly Pro Thr Glu 
145 150 

acc act citt cag gtt gag aac 
Thir Thir Lieu. Glin Wall Glu Asn 

1.65 

gga gga att gca gca Ctt atg 
Gly Gly Ile Ala Ala Lieu Met 

18O 

tct agt tta gta gaa agg td 
Ser Ser Lieu Val Glu Arg Trp 

195 

aga aca caa tta gct tca toa 
Arg Thr Glin Lieu Ala Ser Ser 

21 O 215 

aac tt gag aag gaa tict at a 
Asn. Cys Glu Lys Glu Ser Ile 
225 23 O 

tat tca to at a aga gat aga 
Tyr Ser Trp Ile Arg Asp Arg 

245 

gga tigt tat tac aat ttgtca 
Gly Cys Tyr Tyr Asn Lieu Ser 

26 O 

agt to a gac aag act aac tat 
Ser Ser Asp Llys Thr Asn Tyr 

275 

tgg agt ta 
Trp Ser 

29 O 

<210s, SEQ ID NO 6 
&211s LENGTH: 290 
212. TYPE: PRT 

<213> ORGANISM: Arabidopsis 

<4 OOs, SEQUENCE: 6 

Met Ala Phe Thr Lieu. Gly Gly 
1. 5 

Ser Val His Glin Asn Gly Cys 
2O 

Asp Arg Phe Glin Lieu. Gly Glu 
35 

Arg Thr Asn Met Val Glin Glu 
SO 55 

Lieu. Asn Arg Glu Thr Glu Thr 
65 70 

His Arg Phe Lieu Lys Phe Llys 
85 

Llys Phe Lys Ala Lieu Ala Ile 
1OO 

Gly Cys Ala Asp Ser Arg Val 
115 

Pro Gly Glu Ala Phe Thir Ile 
13 O 135 

Val Glin Asn Gly Pro Thr Glu 
145 150 

acc aac tog 
Thir Asn. Ser 

att at a gtt 
Ile Ile Wall 

17O 

agt cat caa 
Ser His Glin 

185 

gtt atgaat 
Wal Met Asn 
2OO 

Cat tta to C 

His Lieu. Ser 

aag gat tct 
Lys Asp Ser 

gta aag aga 
Val Lys Arg 

250 

gat tt agt 
Asp Cys Ser 

265 

gga titc tat 
Gly Phe Tyr 
28O 

thaliana 

Arg Ala Arg 
1O 

Lieu. His Llys 
25 

Ala Lys Ala 
4 O 

Lieu. Gly Ile 

Ser Tyr Asp 

Arg Gln Lys 
90 

Ala Glin Ser 
105 

Cys Pro Ser 
12 O 

Arg Asn. Wall 

Thir Asn. Ser 

gct 
Ala 
155 

atg 
Met 

aac 

ASn 

999 
Gly 

titt 

Phe 

gtg 
Wall 
235 

ggt 
Gly 

citt 
Luell 

att 
Ile 

Arg 

Luell 

Ile 

Arg 

Phe 
7s 

Pro 

Tyr 

Ala 

Ala 
155 
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14 O 

citt 

Lell 

ggit 
Gly 

CaC 

His 

a.a.a. 

gat 
Asp 
22O 

atg 
Met 

gaa 
Glu 

gag 
Glu 

toa 
Ser 

Lell 

Glin 

Arg 

Glu 
6 O 

Lell 

Lell 

Wall 

Asn 
14 O 

Lell 

gag 
Glu 

Cat 

His 

Cala 

Glin 

gcc 
Ala 
2O5 

gaa 
Glu 

aat 

Asn 

gtc 
Wall 

aag 
Lys 

gac 
Asp 
285 

Wall 

Glin 

Lell 
45 

Glu 

Asp 

Pro 

Wall 

Lell 
125 

Lell 

Glu 

titt 

Phe 

agc 
Ser 

999 
Gly 
19 O 

gct 
Ala 

Cala 

Glin 

ttg 
Luell 

aag 
Lys 

tgg 
Trp 
27 O 

aga 
Arg 

Ser 

Ile 

Luell 

Phe 

Glu 

Glu 

Met 
11 O 

Gly 

Wall 

Phe 

gcg 
Ala 

aat 

Asn 
17s 

Cala 

Glin 

aag 
Lys 

tgc 
Cys 

at a 

Ile 

att 
Ile 
255 

aga 
Arg 

gag 
Glu 

Ala 
15 

Gly 

Pro 

Met 

Met 

Ile 
95 

Wall 

Phe 

Thir 

Ala 

gt C 
Wall 
160 

Cys 

CaC 

His 

tta 

Luell 

aga 
Arg 

act 

Thir 
24 O 

Cat 
His 

tta 
Luell 

at a 
Ile 

Thir 

Ser 

Arg 

Asp 

Arg 

Glu 

Ile 

Glin 

Pro 

Wall 
160 

528 

576 

624 

672 

72 O 

768 

816 

864 

873 

104 



Thir 

Gly 

Ser 

Arg 

Asn 
225 

Gly 

Ser 

Trp 

< 4 OOs 

Thir 

Gly 

Ser 

Thir 
21 O 

Ser 

Ser 

Ser 
29 O 

Luell 

Ile 

Luell 
195 

Glin 

Glu 

Trp 

Asp 
27s 

105 

Glin Wall Glu Asn. Ile 
1.65 

Ala Ala Lieu Met Ser 
18O 

Val Glu Arg Trp Val 

Lieu Ala Ser Ser His 
215 

Lys Glu Ser Ile Llys 
23 O 

Ile Arg Asp Arg Val 
245 

Tyr Asn Lieu. Ser Asp 
26 O 

Lys Thr Asn Tyr Gly 

SEO ID NO 7 
LENGTH: 1319 
TYPE: DNA 

ORGANISM: Arabidopsis thaliana 

SEQUENCE: 7 

atgagactico gttcttittaa 

atatagtagc 

tgat ct cogc 

citt cact t to 

tcqcttgc ct 

cc.gttccaac 

Cttattggag 

agctitct cat 

Cagcggct ct 

ttaa.gcaggg 

gtgagctcgc 

tgttgtc. catc 

c caa.catggit 

acgcggtc.tt 

ggat caaagg 

actgggtcaa 

c ctittgaaga 

tattgacata 

gctact atga 

aaactagotc 

gaagcc titac 

atcttgatga 

titc cataaga 

ttctottcgc 

t cottctgaa 

cccaccc.gc.c 

gctitat cogt 

tgaagagatg 

cgagaaggaa 

t cagacaggt 

Ctt Cat Caaa. 

aaagggtcaa 

acacgttctg 

tcotcott to 

acaccittaag 

gct tatgtct 

aatctgttta 

t caatgtggc 

tccatttgttg 

citt cqt caag 

tgttaaagat 

ccgattt cac 

aactggittitt 

act Cocaaat 

gtc.ttagttc 

caacaaatgt 

tottctgtc.c 

tottct tott 

aacgagc.cag 

ggalaccgaag 

gagctaaaga 

actitcatc.cg 

ttcaagaagg 

agt cctaagt 

gactitt cago 

gacaaggit ca 

gtggagaa.ca 

titc.ccct tag 

Ccagccaagt 

cgatgtgaaa 

agagaaggac 

ggtgcttittg 

gtggctacca 

attgtcaatt 

tgattittaca 

Ile Wal Met 
17O 

His Glin Asn 
185 

Met Asin Gly 

Lieu. Ser Phe 

Asp Ser Val 
235 

Lys Arg Gly 
250 

Cys Ser Lieu. 
265 

Phe Tyr Ile 

Ctttcaacca 

talactataaa. 

cgaccgcticc 

agaaact citc 

c ct catct to 

tttittgcc.gc 

Catacgacga 

cggttgcagc 

acaagaaagc 

agaaatacga 

acatggtgtt 

Caggagatgc 

aatacggtgg 

ttgttggtgat 

atggaaacaa 

caaaggittat 

gggaggcggt 

ttgttgaaggg 

agctttgggg 

tact acattg 

Caataa.cacc 

gaattaaaat 
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Gly 

His 

Asp 
22O 

Met 

Glu 

Glu 

Ser 

His 

Glin 

Ala 

Glu 

Asn 

Wall 

Asp 
285 

Ser 

Gly 
19 O 

Ala 

Glin 

Luell 

Trp 
27 O 

Arg 

atcc cattat 

tacaCat at C 

t ct ct coggc 

t ctitcgtact 

citcct cotcg 

toctoctoct 

ggctattgaa 

ggcaaaggtg 

titt cqaccc.c 

aac Caac Cot 

tgcttgttca 

Cttctggit c 

cgttggagca 

aggacacagt 

ctic cactgac 

atcagaactt 

gaatgtttca 

aac acttgct 

actitgaattit 

gaagctgtag 

aagttgttgt 

Cttgggggac 

Asn. Cys 
17s 

Gln His 

Llys Lieu. 

Ile Thr 
24 O 

Ile His 
255 

Arg Lieu. 

Glu Ile 

t cact taagt 

t cact ct ct c 

t tott tot ca. 

tct tccaccg 

tottccc.gtt 

at cattgcc c 

gct ct caaga 

gag cagat.ca 

gtcgaalacca 

gctttgtacg 

gacticacgtg 

cgitalacatag 

gcc attgaat 

gCatgttggtg 

tt catagagg 

ggagatt cag 

ctagdaalacc 

ttgaagggag 

ggcct ct cog 

gaaactic titt 

ttacatgcag 

agalaatttg 

60 

12 O 

18O 

24 O 

3OO 

360 

54 O 

660 

72 O 

84 O 

9 OO 

96.O 

108 O 

114 O 

12 OO 

126 O 

1319 

106 



< 4 OOs 

PRT 

SEQUENCE: 

Ala Thr Gly Thr 
1. 

Thir 

Thir 

Ala 
65 

Thir 

Gly 

Ala 

Thr 
145 

Gly 

Thir 

Thir 
225 

Gly 

Gly 

Ala 

Cys 
3. OS 

Gly 

Gly 

Gly 

Gly 

Cys 

Ala 

Cys 
SO 

Gly 

Ala 

Thir 
13 O 

Ala 

Gly 

Thir 
21 O 

Gly 

Ala 

Thir 

Ala 

Ala 
29 O 

Gly 

Gly 

Thir 

Ala 

Thir 

Cys 
35 

Thir 

Ala 

Thir 

Thir 
115 

Thr 

Ala 

Ala 

Thir 
195 

Thir 

Gly 

Ala 
355 

Ala 

Cys 
2O 

Thir 

Ala 

Thir 

Thir 
1OO 

Thir 

Thr 

Gly 
18O 

Ala 

Gly 

Thir 
26 O 

Gly 

Gly 

Thir 

Gly 

Gly 
34 O 

Ala 

SEQ ID NO 8 
LENGTH: 
TYPE : 
ORGANISM: Arabidopsis 

104.4 

8 

Cys 
5 

Cys 

Thir 

Ala 

Ala 

Thir 
85 

Gly 

Thir 

Thir 

Cys 

Gly 
1.65 

Cys 

Cys 

Cys 

Gly 

Cys 
245 

Thir 

Ala 

Thir 

Gly 
3.25 

Cys 

Thir 

Gly 

Gly 

Gly 

Ala 

Cys 
70 

Thir 

Cys 
150 

Cys 

Cys 

Thir 

Cys 

Ala 
23 O 

Ala 

Gly 

Thir 

Ala 

Gly 
310 

Ala 

Thir 

Thir 

107 

Ala 

Gly 

Ala 

Thir 
55 

Thir 

Thir 

Cys 

Cys 
135 

Cys 

Thir 

Ala 

Gly 

Cys 
215 

Gly 

Thir 

Ala 

Thir 

Gly 
295 

Cys 

Gly 

Thir 

thaliana 

Thir 

Thir 

Thir 
12 O 

Thir 

Gly 

Thir 

Gly 

Cys 

Thir 

Ala 

Ala 

Ala 

Cys 

Ala 

Ala 

Thir 

Ala 
360 

Thir 

Thir 
25 

Thir 

Thir 

Thir 

Cys 
105 

Thir 

Thr 

Ala 

Thir 
185 

Thir 

Thir 

Thir 

Gly 
265 

Thir 

Gly 

Gly 

Ala 

Thir 
345 

Thir 

Thir 

Gly 
1O 

Thir 

Thir 

Thir 

Thr 

Thir 
17O 

Thir 

Ala 

Gly 

Gly 
250 

Cys 

Gly 
330 

Cys 

Thir 

Thir 
7s 

Ala 

Thir 

Thir 

Cys 
155 

Thir 

Thir 

Gly 
235 

Ala 

Thir 

Ala 

Thir 

Gly 
315 

Ala 

Ala 

Gly 

US 9,505,811 B2 
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Thir 

Thir 

Ala 

Thir 

Cys 
14 O 

Thir 

Thir 

Thir 

Gly 

Thir 

Ala 
3 OO 

Gly 

Thir 

Gly 

Gly 

Ala 

Thir 

Thir 
45 

Thir 

Cys 
125 

Gly 

Gly 

Thir 

Ala 

Gly 

Ala 

Gly 

Thir 

Cys 
285 

Ala 

Ala 

Ala 
365 

Thir 

Thir 

Gly 

Cys 
11 O 

Thir 

Thr 

Thir 

Gly 
19 O 

Thir 

Gly 

Ala 

Ala 

Cys 
27 O 

Gly 

Ala 

Ala 

Ala 

Cys 
35. O 

Thir 
15 

Thir 

Thr 

Ala 
17s 

Cys 

Ala 

Gly 
255 

Ala 

Ala 

Gly 

Ala 

Cys 
335 

Ala 

Ala 

Thir 

Thir 

Gly 

Cys 
160 

Ala 

Ala 

Gly 

Cys 
24 O 

108 



Gly 
385 

Ala 

Gly 

Thir 

Ala 
465 

Ala 

Thir 

Gly 

Cys 
5.45 

Gly 

Ala 

Thir 

Gly 
625 

Thir 

Gly 

Ala 

Gly 

Gly 
7 Os 

Thir 

Gly 

Thir 

37 O 

Thir 

Thir 

Gly 

Thir 
53 O 

Ala 

Gly 

Ala 

Gly 
610 

Cys 

Gly 

Thir 

Thir 
69 O. 

Cys 

Thir 

Gly 

Gly 
770 

Ala 

Gly 

Ala 

Ala 
435 

Thir 

Ala 

Gly 

Thir 

Thir 
515 

Thir 

Gly 

Thir 

Gly 
595 

Gly 

Thir 

Ala 

Ala 
675 

Gly 

Thir 

Ala 

Ala 

Ala 

Thir 

Ala 

Thir 

Gly 
SOO 

Gly 

Ala 

Ala 

Thir 

Ala 

Thir 

Gly 
660 

Gly 

Gly 

Thir 

Gly 

Cys 
740 

Thir 

Ala 

Ala 

Cys 
4 OS 

Ala 

Gly 

Ala 
485 

Thir 

Thir 

Thir 

Ala 

Cys 
565 

Thir 

Gly 

Thir 

Ala 
645 

Ala 

Gly 

Thir 

Ala 

Ala 
72 

Thir 

Thir 

Thir 

Gly 

Ala 
390 

Thir 

Ala 

Cys 

Gly 

Gly 
470 

Thir 

Thir 
630 

Ala 

Ala 

Gly 

Thir 

Thir 

Gly 

Gly 

Ala 

Gly 
79 O 

109 

375 

Ala 

Thir 

Gly 

Ala 

Gly 
45.5 

Thir 

Ala 

Thir 

Gly 
535 

Ala 

Thir 

Gly 

Ala 

Cys 
615 

Gly 

Ala 

Gly 
695 

Gly 

Gly 

Ala 

Gly 

Cys 
775 

Thir 

Gly 

Ala 
44 O 

Thir 

Thir 

Ala 

Cys 

Ala 

Thir 

Ala 

Thir 

Gly 

Gly 

Ala 

Ala 

Ala 

Gly 

Thir 

Gly 

Gly 
760 

Cys 

Thir 

Ala 

Ala 
425 

Gly 

Ala 

Gly 

Gly 
505 

Gly 

Ala 

Thir 
585 

Gly 

Thir 

Ala 

Thir 
665 

Ala 

Ala 

Thir 
74. 

Thir 

Ala 

Ala 

Ala 

Thir 
41O 

Gly 

Ala 

Ala 

Gly 
490 

Ala 

Ala 

Thir 

Cys 
570 

Thir 

Thir 

Thir 

Thir 
650 

Thir 

Ala 

Thir 

Thir 

Ala 
73 O 

Thir 

Gly 

Thir 

Thir 
395 

Ala 

Gly 

Ala 
47s 

Thir 

Thir 

Thir 

Cys 
555 

Ala 

Gly 

Ala 
635 

Thir 

Gly 

Gly 

Thir 
71s 

Ala 

Ala 

Cys 

Ala 
79. 
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Thir 

Ala 

Ala 

Thir 

Cys 
460 

Gly 

Gly 

Thir 

Thir 
54 O 

Thir 

Thir 

Thir 

Ala 

Gly 

Ala 

Thir 

Thir 

Ala 
7 OO 

Thir 

Ala 

Ala 

Cys 

Thir 

Ala 

Ala 

Ala 

Gly 
445 

Thir 

Thir 

Thir 

Ala 
525 

Thir 

Ala 

Ala 

Thir 

Ala 
765 

Ala 

Ala 

Ala 

Thir 
43 O 

Cys 

Thir 

Ala 
51O 

Ala 

Gly 

Cys 
59 O 

Ala 

Gly 

Gly 

Gly 
67 O 

Ala 

Ala 

Ala 
7 O 

Ala 

Ala 

Ala 

Gly 

Thir 
415 

Ala 

Thir 

Gly 

Thir 
495 

Ala 

Gly 

Gly 

Cys 
575 

Thir 

Thir 

Gly 

Gly 
655 

Thir 

Ala 

Gly 

Cys 
73 

Gly 

Thir 

Gly 

Gly 

Cys 
4 OO 

Thir 

Thir 

Thir 
48O 

Gly 

Gly 

Thir 
560 

Thir 

Ala 

Ala 

Gly 
64 O 

Thir 

Gly 

Thir 

Gly 

Cys 

Thir 

Ala 

Thir 

Ala 
8OO 

110 



111 

Ala Cys Thir Thr Gly Gly Ala 
805 

Thir Thir Thr Gly Ala Ala Gly 

Gly Cys Cys Gly Ala Thr Gly 
835 

Gly Gly Cys Gly Gly Thr Gly 
850 855 

Cys Thr Ala Gly Cys Ala Ala 
865 87O 

Cys Ala Thr Ala Thr Cys Cys 
885 

Ala Gly Ala Ala Gly Gly Ala 

Gly Gly Ala Ala Cys Ala Cys 
915 

Ala Gly Gly Gly Ala Gly Gly 
93 O 935 

Cys Thr Thr Cys Gly Thr Cys 
945 950 

Thir Thir Thr Gly Ala Gly Cys 
965 

Thir Thr Gly Ala Ala Thir Thr 
98O 

Cys Gly Ala Ala Ala Cys Thr 
995 

Gly 

Ala 

Thir 
84 O 

Ala 

Ala 

Ala 

Thir 
92 O 

Cys 

Ala 

Thir 

Thir 

Ala 
1OOO 

Ala 

Thir 
825 

Gly 

Ala 

Thir 

Thir 
905 

Thir 

Thir 

Ala 

Thir 

Gly 
985 

Gly Cys Thr Cys Thr 

Thir 
810 

Ala 

Thir 

Thir 
890 

Thir 

Gly 

Ala 

Gly 

Thir 

Gly 

Thir 

Ala 

Ala 

Gly 

Thir 

Thir 

Gly 

Cys 

Gly 
955 

Gly 

Cys 

- Continued 

Cys 

Ala 

Ala 

Thir 
860 

Ala 

Gly 

Thir 

Thir 

Thir 
94 O 

Gly 

Gly 

Cys 

Ala 

Thir 

Gly 
845 

Thir 

Thir 

Thir 

Gly 

Thir 
925 

Ala 

Thir 

Gly 

Thir 

Ala Ala Ala Gly Ala Thr Gly. Thr Gly Gly Cys Thr 
1 O2O 1010 1O1 

Ala Thr Ala Cys Thir Ala Cys 
1025 103 

Cys Thr Gly Thr Ala Gly 
104 O 

<210s, SEQ ID NO 9 
&211s LENGTH: 346 
212. TYPE: PRT 

<213> ORGANISM: Arabidopsis 

<4 OOs, SEQUENCE: 9 

Ser Thr Ala Pro Leu Ser Gly 
1. 5 

Glin Ser Ser Lieu. Glin Llys Lieu. 
2O 

Cys Lieu Pro Pro Ala Ser Ser 
35 

Ser Arg Ser Val Pro Thr Lieu. 
SO 55 

Pro Ala Pro Ile Ile Ala Pro 
65 70 

Ala Tyr Asp Glu Ala Ile Glu 
85 

Glu Glu Lieu Lys Thr Val Ala 
1OO 

Ala Leu Gln Thr Gly Thr Ser 

5 

Gly 

Gly 
83 O 

Gly 

Thir 

Thir 

Gly 

Ala 
91 O 

Thir 

Thir 

Gly 

Gly 

Cys 
99 O 

Cys 
815 

Thir 

Gly 

Gly 

Ala 
895 

Ala 

Gly 

Gly 

Ala 
97. 

Thir 

US 9,505,811 B2 

Thir 
96.O 

Cys 

Cys 

Gly. Thir Thr 

Ala Cys Cys 

Ala Thir Thr Gly Gly Ala Ala Gly 
1035 O 

thaliana 

Phe 

Ser 

Ser 
4 O 

Ile 

Ala 

Ala 

Ser 

Phe 

Luell 
25 

Ser 

Arg 

Trp 

Luell 

Ala 
105 

Asp 

Luell 
1O 

Arg 

Ser 

Asn 

Ser 

Lys 
90 

Lys 

Thir 

Thir 

Ser 

Glu 

Glu 

Wall 

Ser 

Ser 

Ser 

Pro 
6 O 

Glu 

Lell 

Glu 

Ala 

Lell 

Ser 

Ser 
45 

Wall 

Met 

Lell 

Glin 

Phe 

Ser 

Thir 
3O 

Ser 

Phe 

Gly 

Ile 

Ile 
11 O 

Asp 

Pro 
15 

Wall 

Ser 

Ala 

Thir 

Glu 
95 

Thir 

Pro 

Ser 

Ala 

Ser 

Ala 

Glu 

Ala 

Wall 

112 



Glu 

Thir 
145 

Lell 

Met 

Ile 

Gly 
225 

Asp 

Lell 

Glu 

Ala 

Thir 
305 

Glu 

Asp 

Thir 
13 O 

Asn 

Met 

Asp 

Wall 

Glu 
21 O 

His 

Gly 

Pro 

Asp 

Asn 
29 O 

Luell 

Luell 

Wall 

115 

Ile 

Pro 

Wall 

Phe 

Pro 
195 

Ser 

Asn 

Ala 

Glin 
27s 

Luell 

Ala 

Trp 

Ala 

113 

12 O 

Lys Glin Gly Phe Ile 
135 

Ala Lieu. Tyr Gly Glu 
150 

Phe Ala Cys Ser Asp 
1.65 

Glin Pro Gly Asp Ala 

Pro Phe Asp Llys Val 

Ala Val Lieu. His Lieu. 
215 

Ala Cys Gly Gly Ile 
23 O 

Asn Ser Thr Asp Phe 
245 

Llys Ser Llys Val Ile 
26 O 

Cys Gly Arg Cys Glu 
28O 

Lieu. Thir Tyr Pro Phe 
295 

Lieu Lys Gly Gly Tyr 
310 

Gly Lieu. Glu Phe Gly 
3.25 

Thir Ile Lieu. His Trp 
34 O 

<210s, SEQ ID NO 10 
&211s LENGTH: 1716 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis 

<4 OOs, SEQUENCE: 10 

gagtaaagat t cagta accc 

ccgg tatgtt 

ggat citctica 

CtcCagtgag 

aact ctittag 

ggagttgcc.g 

acaatticggg 

cittgttgtct 

cataagaaac 

tott attaga 

gtgaattcaa 

aaaaaaagaa 

gaattgacga 

citc.cgtctgt 

tggcc.gcagg 

gagggagagg 

gtttaccggg 

gagagttgcc 

aaatgttaac 

t ccttggcga 

ctittgat citc 

aaaatggttg 

cggacaacaa 

at atctaaat 

agaataattic 

tgtagaattg 

gatgctic ct 

ggtagcgc.ct 

ggacgtgttc 

Caagaggttg 

aagcttitt co 

ggagaatagg 

cgt.cgaggag 

agitat coatt 

ttittatataa. 

Calacagagag 

tct at agtgg 

tttgttgactic 

titatgaaa.ca 

tagatgataa 

Luell 

Ser 

Phe 
185 

Ile 

Ser 
265 

Arg 

Wall 

Luell 

Lys 
345 

thaliana 

Phe 

Ala 

Arg 
17O 

Wall 

Wall 

Gly 

Glu 
250 

Glu 

Glu 

Arg 

Asp 

Ser 
330 

Luell 

Lys 
155 

Wall 

Wall 

Gly 

Glu 

Luell 
235 

Asp 

Luell 

Ala 

Glu 

Phe 
315 

Glu 

citott cott ca. 

ttggaac act 

t tott acatc. 

cittaatgatt 

Catgaaaatg 

agggaattgg 

aatttgaccg 

caaaatagtg 

aactittggac 

gatgaattta 

agtaaattitt 

actalacatta 

agaaaaaaaa 

attitt Ct. Cala 
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Lys 
14 O 

Gly 

Arg 

Gly 

Asn 
22O 

Met 

Trp 

Gly 

Wall 

Gly 
3 OO 

Wall 

Thir 

125 

Glu 

Glin 

Pro 

Asn 

Wall 

Ile 

Ser 

Wall 

Asp 

Asn 
285 

Lell 

Ser 

Llys Tyr Glu 

Ser Pro Llys 
160 

Ser His Wall 
17s 

Ile Ala Asn 
19 O 

Gly Ala Ala 

Wall Wall Ile 

Phe Pro Leu 
24 O 

255 

Ser Ala Phe 
27 O 

Wal Ser Lieu. 

Val Lys Gly 

Gly Ala Phe 
32O 

Ser Val Lys 
335 

agacct tcct tdatt cqc.cg 

ctaccaacgc cqc catgaaa 

tggtgttagg gctatggitta 

cgtttitt CC9 gtgatacgag 

ggatgcCaag tigatggaga 

aggaggagga agaga.gtgat 

agttggat.cg tctag taggit 

tittagttittg gactitgagaa 

gtgtaggaca aacttgtcaa 

taagttittca acaccgctitt 

tatttittggit aaaatggitta 

acaaatatgc ataagacata 

cctatacaat caatctittag 

atatagatgg gcc taatgaa 

6 O 

12 O 

18O 

24 O 

3OO 

360 

48O 

54 O 

660 

72 O 

84 O 

114 



115 
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gggtgcc.gct tattggat.ct gacccattitt gagga catta at attitt cat toggittataag 9 OO 

ccttittaatc aaaattgtca ttaaattgat gtc.t.ccct ct cqggit cattt toctittcticc 96.O 

ct cacaatta atgtag actt tag caatttg cacgctgtgc tittgttctitta tatttagtaa O2O 

cacaaacatt ttgacttgtc. ttgtagagitt tttct cittitt atttittctat coaatatgaa O8O 

aactaaaagt gttct cqtat a catatatta aaattaaaga aacctatgaa alacaccalata 14 O 

caaatgcgat attgttitt ca gttcgacgtt to atgtttgt tagaaaattt ctaatgacgt. 2OO 

ttgtataaaa tag acaatta aacgc.caaac act acatctg togttitt.cgaa caatattgcg 26 O 

tctg.cgtttic citt catctat citct ct cagt gtcacaatgt ctdaactaag agacagotgt 32O 

aaactato at taagacataa actaccaaag tat caagcta atgtaaaaat tact ct catt 38O 

tccacgtaac aaattgagtt agcttaagat attagtgaaa citaggitttga attitt cittct 44 O 

tottct tcca togcatcct co gaaaaaaggg aaccalatcaa aactgtttgc at atcaaact SOO 

c caacactitt acagdaaatg caatctataa totgttgattt atccaataaa aacctgttgat 560 

titatgtttgg ctic cagogat gaaagttctat gcatgtgatc tictat coaac atgagtaatt 62O 

gttcagaaaa taaaaagtag ctgaaatgta t ctatataaa gaatcatcca caagtactat 68O 

titt cacacac tacttcaaaa toact actica agaaat 71.6 

<210s, SEQ ID NO 11 
&211s LENGTH: 1163 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 11 

atggttgcaa cagagaggat gaatttataa gttittcaa.ca cc.gcttittct tattagacgg 6 O 

acaacaat ct at agtggagt aaatttitt at ttittggtaaa atggittagtgaattcaaata 12 O 

tctaaattitt gtgact cact aac attaa.ca aatatgcata agacataaaa aaaagaaaga 18O 

ataatt citta tdaaacaaga aaaaaaacct atacaat caa totttaggaa ttgacgatgt 24 O 

agaattgtag atgataaatt ttct caaata tagatgggcc taatgaaggg teccgctitat 3OO 

tggatctgac ccattttgag gacattaata ttitt cattgg ttataagcct tittaatcaaa 360 

attgtc.atta aattgatgtc. tcc ct citcgg gtcatttitcc titt ct coctic acaattaatg 42O 

tagactittag caatttgcac gotgtgctitt gtc.tttatat ttagtaacac aaa cattttg 48O 

acttgtc.ttg tagagtttitt citcttittatt titt citat coa atatgaaaac taaaagtgtt 54 O 

citcgtataca tat attaaaa ttaaagaaac ctatogaaaac accaatacaa atgcgatatt 6OO 

gttitt cagtt coacgttt ca totttgttag aaaatttcta atgacgtttg tataaaatag 660 

acaattaaac gccaaacact a catctgtgt titt cqaacaa tattgcgt.ct gcgtttccitt 72 O 

catctatotic tict cagtgtc. acaatgtctgaactaagaga cagctgtaaa citat cattaa 78O 

gacataaact accaaagtat caa.gctaatg taaaaattac tot catttcc acgtaacaaa 84 O 

ttgagttagc titaagatatt agtgaaacta ggtttgaatt ttcttcttct tct tccatgc 9 OO 

atcc to cqaa aaaagggaac caatcaaaac tdtttgcata t caaact coa acactttaca 96.O 

gcaaatgcaa totataatct gtgattitatic caataaaaac ctdtgattta tdtttggctic 1 O2O 

cagogatgaaagtictatoca tdtgat ct ct atccaacatgagtaattgtt cagaaaataa 108 O 

aaagtagctgaaatgitat ct atataaagaa to atccacaa gtact attitt cacacactac 114 O 

ttcaaaatca c tact caaga aat 1163 

116 










































