
MOLECULE PRODUCTION BY PHOTOSYNTHETIC ORGANISMS
CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This
application claims priority to and benefit of U.S.
Provisional Application Nos. 60/971,418 (filed
September 11, 2007), 60/971,412 (filed September 11,
2007), and 61/130,892 (filed June 2, 2008), which
applications are incorporated herein by reference.
INCORPORATION BY REFERENCE [0002] All publications and
patent applications mentioned in this specification
are herein incorporated by reference to the same
extent as if each individual publication or patent
application was specifically and individually
indicated to be incorporated by reference. BACKGROUND
OF THE INVENTION [0003] Fuel products, such as oil,
petrochemicals, and other substances useful for the
production of petrochemicals are increasingly in
demand. Much of today's fuel products are generated
from fossil fuels, which are not considered renewable
energy sources, as they are the result of organic
material being covered by successive layers of
sediment over the course of millions of years. There
is also a growing desire to lessen dependence on
imported crude oil. Public awareness regarding
pollution and environmental hazards has also
increased. As a result, there has been a growing
interest and need for alternative methods to produce
fuel products. Thus, there exists a pressing need for
alternative methods to develop fuel products that are
renewable, sustainable, and less harmful to the
environment. SUMMARY OF THE INVENTION [0004] The
present invention relates to compositions and methods
for creating products, such as isoprenoids, which can
be used for multiple purposes (e.g., fuel, fuel
feedstocks, fragrances and insecticides), using
photosynthetic organisms. The compositions include
expression vector comprising one or more nucleotide
sequences that initiate, increase, or effect the
production of a product in a non-vascular,
photosynthetic organism. [0005] In some instances,
such nucleotide sequence(s) encode one or more
polypeptides in the mevalonate pathway (MVA pathway).
Examples of polypeptides in the MVA pathway include,
but are not limited to, thiolase, HMG-CoA synthase,
HMG-CoA reductase, mevalonate kinase,
phosphemevalonate kinase, or
mevalonate-5-pyrophosphate decarboxylase. In other
embodiments, the nucleotide sequence encodes a
polypeptide in the non-mevalonate pathway (MEP
pathway). The polypeptide may be DOXP synthase, DOXP
reductase, 4-diphosphocytidyl-2-C-methyl-Derythritol
synthase, 4-diphophocytidyl-2-C-methyl-D-erythritol
kinase, 2-C-methyl-D-erythritol2,4,-cyclodiphosphate
synthase, HMB-PP synthase, HMB-PP reductase, and DOXP
reductoisomerase. [0006] One aspect of the present
invention provides a vector comprising a nucleic acid
encoding an enzyme that produces an isoprenoid with
two phosphates and a promoter configured for
expression of the nucleic acid in a chloroplast of a
non-vascular, photosynthetic organism (NVPO) and does
not comprise the entire genome of a chloroplast. In
practice, insertion of the vector into a chloroplast
genome may not disrupt photosynthetic capability of
the chloroplast(s). In other instances, the vectors of
the present invention further comprise a nucleic acid
sequence which facilitates homologous recombination
with a chloroplast genome. In some instances, an
isoprenoid produced by an enzyme encoded on a vecor as
disclosed herein is GPP, IPP, FPP, GGPP or DMAPP. In
some vectors disclosed herein, a second nucleic acid
encoding a second enzyme which modifies an isoprenoid
with two phosphates is also present on the vector.
Specific examples of a second enzyme which may be
encoded by the vectors of the present invention
include, but are not limited to, botyrococcene
synthase, limonene synthase, cineole synthase, pinene
synthase, camphene synthase, sabinene synthase,
myrcene synthase, abietadiene synthase, taxadiene
synthase, FPP synthase, bisabolene synthase,
diapophytoene desaturase, diapophytoene synthase, GPP
synthase, IPP isomerase, monoterpene synthase,
terpinolene synthase, zingiberene synthase, ocimene
synthase, sesquiterpene synthase, curcumene synthase,
farnesene synthase, geranylgeranyl reductase,
chlorophyllidohydrolase, b-caryophyllene synthase,
germacrene A synthase, 8-epicedrol synthase, valencene
synthase, (+)-d-cadinene synthase, germacrene C
synthase, (E)-b-farnesene synthase, casbene synthase,
vetispiradiene synthase, 5-epi-aristolochene synthase,
aristolchene synthase, a-humulene, (E,E)-a-farnesene
synthase, (- )-b-pinene synthase, g-terpinene
synthase, limonene cyclase, linalool synthase,
(+)-bornyl diphosphate synthase, levopimaradiene
synthase, isopimaradiene synthase, (E)-g-bisabolene
synthase, copalyl pyrophosphate synthase, kaurene
synthase, longifolene synthase, g-humulene synthase,
d-selinene synthase, b- phellandrene synthase,
terpinolene synthase, (+)-3-carene synthase,
syn-copalyl diphosphate synthase, a- terpineol
synthase, syn-pimara-7,15-diene synthase,
ent-sandaaracopimaradiene synthase, sterner- 13 -ene
synthase, E-b-ocimene, S-linalool synthase, geraniol
synthase, gamma-terpinene synthase, linalool synthase,
E-b-ocimene synthase, epi-cedrol synthase,
a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase, elizabethatriene
synthase, sandalol synthase, patchoulol synthase,
zinzanol synthase, cedrol synthase, scareol synthase,
copalol synthase, or manool synthase. The vectors may
also contain a selectable marker. Specific vectors of
the present invention are capable of stable
transformation in microalga. In some embodiments, the
algal species is C. reinhardtii, D. salina, H.
pluvalis, S.dimorphus, D. viridis, or D. tertiolecta.
A nucleic nucleic acid encoding an enzyme may be
biased for a nonvascular photosynthetic microorganism
nuclear and/or chloroplast expression. Sequences
encoding the enzymes useful in the present invention
may be any of the sequences specifically disclosed
herein (e.g., the sequences in Tables 5-8), or
sequences with 60, 65, 70, 75, 80, 85, 90, 95 or
higher identity thereto. Some vectors of the present
invention comprise any of the sequences specifically
disclosed herein (e.g., the sequences in Tables 5-8),
or sequences with 60, 65, 70, 75, 80, 85, 90, 95 or
higher identity thereto. [0007] Another vector
disclosed herein comprises a nucleic acid encoding an
enzyme that produces an isoprenoid with two
phosphates; and a nucleic acid encoding a chloroplast
targeting molecule for targeting the enzyme to a
chloroplast. Such vectors may further comprise a
selectable marker, a nucleic acid sequence which
facilitates homologous recombination with a
chloroplast or nuclear genome genome or a combination
of these features. In some instances, the enzyme
encoded by the nucleic acid produces GPP, IPP, FPP,
GGPP or DMAPP. Such vectors disclosed herein may
further comprise a nucleic acid encoding a second
enzyme which modifies an isoprenoid with two
phosphates and a nucleic acid encoding a chloroplast
targeting molecule for targeting the second enzyme to
a chloroplast. Specific examples of a second enzyme
which may be encoded by the vectors of the present
invention include, but are not limited to,
botyrococcene synthase, limonene synthase, cineole
synthase, pinene synthase, camphene synthase, sabinene



synthase, myrcene synthase, abietadiene synthase,
taxadiene synthase, FPP synthase, bisabolene synthase,
diapophytoene desaturase, diapophytoene synthase, GPP
synthase, IPP isomerase, monoterpene synthase,
terpinolene synthase, zingiberene synthase, ocimene
synthase, sesquiterpene synthase, curcumene synthase,
farnesene synthase, geranylgeranyl reductase,
chlorophyllidohydrolase, b-caryophyllene synthase,
germacrene A synthase, 8-epicedrol synthase, valencene
synthase, (+)-d-cadinene synthase, germacrene C
synthase, (E)-b-farnesene synthase, casbene synthase,
vetispiradiene synthase, 5-epi-aristolochene synthase,
aristolchene synthase, a- humulene, (E,E)-a-farnesene
synthase, (- )-b-pinene synthase, g-terpinene
synthase, limonene cyclase, linalool synthase,
(+)-bornyl diphosphate synthase, levopimaradiene
synthase, isopimaradiene synthase, (E)-g-bisabolene
synthase, copalyl pyrophosphate synthase, kaurene
synthase, longifolene synthase, g-humulene synthase,
d-selinene synthase, b- phellandrene synthase,
terpinolene synthase, (+)-3-carene synthase,
syn-copalyl diphosphate synthase, a- terpineol
synthase, syn-pimara-7,15-diene synthase,
ent-sandaaracopimaradiene synthase, sterner- 13 -ene
synthase, E-b-ocimene, S-linalool synthase, geraniol
synthase, gamma-terpinene synthase, linalool synthase,
E-b-ocimene synthase, epi-cedrol synthase,
a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase,elizabethatriene synthase,
sandalol synthase, patchoulol synthase, zinzanol
synthase, cedrol synthase, scareol synthase, copalol
synthase, or manool synthase. Nucleic acid(s) encoding
an enzyme for use in the present invention may be
codon biased for an NVPO. Specific vectors of the
present invention are capable of stable transformation
in microalga. In some embodiments, the algal species
is C. reinhardtii, D. salina, H. pluvalis, S.
dimorphus, D. viridis, or D. tertiolecta. Sequences
encoding the enzymes useful in the present invention
may be any of the sequences specifically disclosed
herein (e.g., the sequences in Table 5-8), or
sequences with 60, 65, 70, 75, 80, 85, 90, 95 or
higher identity thereto. Some vectors of the present
invention comprise any of the sequences specifically
disclosed herein (e.g., the sequences in Tables 5-8),
or sequences with 60, 65, 70, 75, 80, 85, 90, 95 or
higher identity thereto. [0008] The present disclosure
also provides a host cell comprising; 1) a vector
comprising a nucleic acid encoding an enzyme that
produces an isoprenoid with two phosphates and a
promoter configured for expression of the nucleic acid
in a chloroplast of an NVPO and does not comprise the
entire genome of a chloroplast; or 2) a vector
comprising a nucleic acid encoding an enzyme that
produces an isoprenoid with two phosphates and a
nucleic acid encoding a chloroplast targeting molecule
for targeting an enzyme to a chloroplast. The host
cell may be homoplasmic for one or more of the nucleic
acids present on a vector. Some examples of the host
cells contemplated herein include cyanophyta,
prochlorophyta, rhodophyta, chlorophyta,
heterokontophyta, tribophyta, glaucophyta,
chlorarachniophytes, euglenophyta, euglenoids,
haptophyta, chrysophyta, cryptophyta, cryptomonads,
dinophyta, dinoflagellata, pyrmnesiophyta,
bacillariophyta, xanthophyta, eustigmatophyta,
raphidophyta, phaeophyta, and phytoplankton. Some
specific examples of host cells include the algal
species C. reinhardtii, D. salina, H. pluvalis, S.
dimorphus, D. viridis, or D. tertiolecta. In some
instances, chlorophyll levels are sufficient for the
host cell to be photoautotrophic following
transformation. In other instances, the host cell may
produce at least one naturally occurring isoprenoid at
levels greater than a wild-type strain of the same
organism. [0009] In another embodiment of the present
invention, a host cell is provided which comprises at
least two copies of a nucleotide sequence described
herein (e.g., in Tables 5-8), or a nucleotide sequence
having at least 70% identity to any of these
sequences. The host cell may be a non vascular
photosynthetic organism, particularly C. reinhardtii,
D. salina, H. pluvalis, S. dimorphus, D. viridis, or
D. tertiolecta. In some instances, the host cell is
homoplasmic for the nucleotide sequence. The present
disclosure also provides a genetically modified
chloroplast containing a vector comprising a nucleic
acid encoding an enzyme that produces an isoprenoid
with twophosphates and a promoter configured for
expression of the nucleic acid in a chloroplast of a
non vascular, photosynthetic organism (NVPO). [0010]
Also provided herein, is a method for producing an
isoprenoid-containing composition comprising the steps
of transforming a chloroplast of a non-vascular,
photosynthetic organism with a nucleic acid encoding
an enzyme that produces an isoprenoid with two
phosphates and collecting at least one isoprenoid
produced by the transformed NVPO. Such methods may
further comprise growing the organism in an aqueous
environment, wherein CO is supplied to the organism.
CO provided may be at least partially derived from a
burned fossil fuel and/or may be at least partially
derived from flue gas. Such methods may include
production of GPP, IPP, FPP, GGPP or DMAPP. In some
instances, the collection process may comprise one or
more of the following: harvesting a transformed NVPO,
harvesting an isoprenoid from a cell medium;
mechanically disrupting a transformed organism and;
chemically disrupting an organism. A microalga may be
utilized in some aspects of this invention, and the
microalga may be C. reinhardtii, D. salina, H.
pluvalis, S. dimorphus, D. viridis, or D. tertiolecta.
[0011] Another method for producing an isoprenoid is
also described wherein the method comprises the steps
of transforming the chloroplast of a non-vascular,
photosynthetic organism to produce said isoprenoid,
wherein said organism is not transformed with isoprene
synthase or a methyl-butenol synthase; and (b)
collecting said isoprenoid. This method may further
comprise growing the organism in an aqueous
environment, wherein CO2 is supplied to the organism.
The CO2may be at least partially derived from a burned
fossil fuel and/or flue gas. Such methods may include
production of GPP, IPP, FPP, GGPP or DMAPP. A
chloroplast of this method may be transformed with a
nucleic acid encoding botyrococcene synthase, limonene
synthase, cineole synthase, pinene synthase, camphene
synthase, sabinene synthase, myrcene synthase,
abietadiene synthase, taxadiene synthase, bisabolene
synthase, diapophytoene desaturase, diapophytoene
synthase, monoterpene synthase, terpinolene synthase,
zingiberene synthase, ocimene synthase, sesquiterpene
synthase, curcumene synthase, farnesene synthase,
geranylgeranyl reductase, chlorophyllidohydrolase,
b-caryophyllene synthase, germacrene A synthase,
8-epicedrol synthase, valencene synthase,
(+)-d-cadinene synthase, germacrene C synthase,
(E)-b-farnesene synthase, casbene synthase,
vetispiradiene synthase, 5-epi-aristolochene synthase,
aristolchene synthase, a- humulene, (E,E)-a-farnesene
synthase, (- )-b-pinene synthase, g-terpinene
synthase, limonene cyclase, linalool synthase,
(+)-bornyl diphosphate synthase, levopimaradiene
synthase, isopimaradiene synthase, (E)-g-bisabolene
synthase, copalyl pyrophosphate synthase, kaurene
synthase, longifolene synthase, g-humulene synthase,
d-selinene synthase, b- phellandrene synthase,
terpinolene synthase, (+)-3-carene synthase,
syn-copalyl diphosphate synthase, a-terpineol
synthase, syn-pimara-7,15-diene synthase,
ent-sandaaracopimaradiene synthase, sterner- 13 -ene
synthase, E-b-ocimene, S-linalool synthase, geraniol
synthase, gamma-terpinene synthase, 



linalool synthase, E-b-ocimene synthase, epi-cedrol
synthase, a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase, elizabethatriene
synthase, sandalol synthase, patchoulol synthase,
zinzanol synthase, cedrol synthase, scareol synthase,
copalol synthase, or manool synthase. In some
instances, the collection process may comprise one or
more of the following: harvesting a transformed NVPO,
harvesting an isoprenoid from a cell medium;
mechanically disrupting a transformed organism and;
chemically disrupting an organism. A microalga may be
utilized in some aspects of this invention, and the
microalga may be C. reinhardtii, D. salina, H.
pluvalis, S. dimorphus, D. viridis, or D. tertiolecta.
[0012] A further embodiment of the present invention
provides an organism with a genetically modified
chloroplast wherein the chloroplast comprises a
nucleic acid encoding an isoprenoid producing enzyme
and wherein the organism can grow in a high saline
environment. Such an organism may be an NVPO,
specifically D. salina, D. viridis, or D. tertiolecta.
In such embodiments, that high saline environment may
comprise about 0.5-4.0 molar sodium chloride. Also
provided is a method for preparing an isoprenoid
comprising transforming an organism with a nucleic
acid to increase or initiate production of the
isoprenoid, wherein the organism is grown in a
high-saline environment; and collecting the
isoprenoid. Such an organism may be an NVPO,
specifically D. salina, D. viridis, or D. tertiolecta.
In such embodiments, that high saline environment may
comprise about 0.5-4.0 molar sodium chloride. In some
instances, the transforming step is a chloroplast
transformation. In other instances, the collecting
step comprises one or more of the following steps: (a)
harvesting said transformed organism; (b) harvesting
said isoprenoid from a cell medium; (c) mechanically
disrupting said organism; or (d) chemically disrupting
said organism. [0013] The disclosure herein also
provides a vector comprising a heterologous nucleic
acid encoding one or more isoprenoid producing
enzymes; and a promoter configured for expression of
said nucleic acid in a photosynthetic bacteria. In
some instances, the photosynthetic bacteria is a
cyanobacterial species and may be a member of the
genera Synechocystis, Synechococcus, and/or
Athrospira. A host cell comprising such a vector is
provided. A host cell may be a cyanobacterial species
and may be a member of the genera Synechocystis,
Synechococcus, and/or Athrospira. [0014] The present
disclosure further provides a vector comprising: a
first nucleic acid encoding a protein, a second
nucleic acid encoding a selectable marker, wherein the
first and second nucleic acids comprise one open
reading frame, and a promoter configured for
expression of said first andsecond nucleic acids in a
non-vascular, photosynthetic organism. In some
instances, the protein is an isoprenoid producing
enzyme or a biomass degrading enzyme. In other
instances, the isoprenoid producing enzyme is
botyrococcene synthase, limonene synthase, cineole
synthase, pinene synthase, camphene synthase, sabinene
synthase, myrcene synthase, abietadiene synthase,
taxadiene synthase, FPP synthase, bisabolene synthase,
diapophytoene desaturase, diapophytoene synthase, GPP
synthase, IPP isomerase, monoterpene synthase,
terpinolene synthase, zingiberene synthase, ocimene
synthase, sesquiterpene synthase, curcumene synthase,
farnesene synthase, geranylgeranyl reductase,
chlorophyllidohydrolase, b-caryophyllene synthase,
germacrene A synthase, 8-epicedrol synthase, valencene
synthase, (+)-d-cadinene synthase, germacrene C
synthase, (E)-b-farnesene synthase, casbene synthase,
vetispiradiene synthase, 5-epi-aristolochene synthase,
aristolchene synthase, a-humulene, (E,E)-a-farnesene
synthase, (- )-b-pinene synthase, g-terpinene
synthase, limonene cyclase, linalool synthase,
(+)-bornyl diphosphate synthase, levopimaradiene
synthase, isopimaradiene synthase, (E)-g-bisabolene
synthase, copalyl pyrophosphate synthase, kaurene
synthase, longifolene synthase, g-humulene synthase,
d-selinene synthase, b- phellandrene synthase,
terpinolene synthase, (+)-3-carene synthase,
syn-copalyl diphosphate synthase, a-terpineol
synthase, syn-pimara-7,15-diene synthase,
entsandaaracopimaradiene synthase, sterner- 13 -ene
synthase, E-b-ocimene, S-linalool synthase, geraniol
synthase, gamma-terpinene synthase, linalool synthase,
E-b-ocimene synthase, epi-cedrol synthase,
a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase, elizabethatriene
synthase, sandalol synthase, patchoulol synthase,
zinzanol synthase, cedrol synthase, scareol synthase,
copalol synthase, or manool synthase. In still other
instances, the biomass degrading enzyme is
exo-b-glucanase, endo-b- glucanase, b-glucosidase,
endoxylanase, or ligninase. Some of the vectors
described herein comprise a first or second nucleic
acid in which at least one codon is optimized for
expression in the nucleus of a non-vascular,
photosynthetic organism is present. [0015] In some
instances, vectors described herein comprise a third
nucleic acid encoding a cleavage moiety in-frame with
said first and second nucleic acids. The cleavage
moiety may be a self-cleaving protease and may
specifically be a functional portion of the A2 region
from foot and mouth disease virus. In other instances,
the cleavage moiety is capable of being cleaved by a
protease naturally produced by said organism. Also
described herein are vectors comprising regulatory
elements including an HSP70 promoter, a functional
portion of HSP70 promoter, rbcS2 5' upstream
translated region (UTR), a functional portion of rbcS2
5' UTR, or a combination thereof. In some instances,
the regulatory element is derived from the organism to
be transformed.Still other vectors comprise a fourth
nucleic acid encoding a secretion signal in-frame with
the first, second and/or third nucleic acids. A
secretion signal useful in the present vectors is a C.
reinhardtii carbonic anhydrase secretion signal.
Vectors of the invention may be useful in mulitple
NVPOs, including photosynthetic bacteria,
cyanobacteria, cyanophyta, prochlorophyta, rhodophyta,
chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenophyta,
euglenoids, haptophyta, chrysophyta, cryptophyta,
cryptomonads, dinophyta, dinoflagellata,
pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phaeophyta, and
phytoplankton. In some instances, the vector is
capable of stable transformation in C. reinhardtii, D.
salina, H. pluvalis, S. dimorphus, D. viridis, D.
tertiolecta, a bacterium of the genus Synechocystis, a
bacterium of the genus Synechococcus, or a bacterium
of the genus Athrospira. The vectors described herein
may comprise any nucleotide sequence described herein
(e.g., in Tables 5-8), or a nucleotide sequence having
at least 70% identity to any of these sequences. Still
other vectors comprise a fifth nucleic acid in-frame
with said first, second, third and/or fourth nucleic
acids, where the fifth nucleic acid encodes a tag. The
encoded tag may be an epitope tag or a metal affinity
tag. [0016] The present disclosure also provides a
host cell comprising a vector, wherein the vector
comprises a first nucleic acid encoding a protein, a
second nucleic acid encoding a selectable marker,
wherein the first and second nucleic acids comprise
one open reading frame, a promoter configured for
expression of the first and second nucleic acids in a
non-vascular, photosynthetic 



organism and optionally one or more additional nucleic
acids encoding a cleavage moiety, a secretion signal,
a tag or a combination thereof, wherein the one or
more additional nucleic acids are in-frame with said
first and second nucleic acids. The host cell may be a
photosynthetic bacteria, cyanobacteria, cyanophyta,
prochlorophyta, rhodophyta, chlorophyta,
heterokontophyta, tribophyta, glaucophyta,
chlorarachniophytes, euglenophyta, euglenoids,
haptophyta, chrysophyta, cryptophyta, cryptomonads,
dinophyta, dinoflagellata, pyrmnesiophyta,
bacillariophyta, xanthophyta, eustigmatophyta,
raphidophyta, phaeophyta, or phytoplankton. In some
instances, the host cell is C. reinhardtii, D. salina,
H. pluvalis, S. dimorphus, D. viridis, D. tertiolecta,
a bacterium of the genus Synechocystis, a bacterium of
the genus Synechococcus, or a bacterium of the genus
Athrospira. In other instances, the vector is stably
integrated into the nuclear genome of said host cell.
[0017] Further provided herein is a method of
producing a protein in a non-vascular photosynthetic
organism, comprising: growing said organism, wherein
the organism comprises an exogenous nucleic acid
comprising a single open reading frame, wherein the
open reading frame comprises a first nucleic acid
encoding a protein and a second nucleic acid encoding
a selectable marker, andwherein the orgnaism further
comprises a promoter configured for expression of said
open reading frame in said organism, thereby producing
said protein. In some instances, the protein is an
isoprenoid producing enzyme or a biomass degrading
enzyme. In other instances, the open reading frame
comprises at least one codon optimized for expression
in the nucleus of a non-vascular, photosynthetic
organism. An open reading frame may further comprise a
third nucleic acid encoding a cleavage moiety in-frame
with the first and second nucleic acids. The cleavage
moiety may be a self-cleaving protease, and in a
particular embodiment may be a functional portion of
the A2 region from foot and mouth disease virus. In
other embodiments, a cleavage moiety is capable of
being cleaved by a protease naturally produced by said
organism. An open reading frame may further comprise a
fourth nucleic acid encoding a secretion signal
in-frame with all other nucleic acids comprising the
open reading frame. In one embodiment, the secretion
signal is a C. reinhardtii carbonic anhydrase
secretion signal. As disclosed herein, the organism
useful for such a method may be C. reinhardtii, D.
salina, H. pluvalis, S. dimorphus, D. viridis, D.
tertiolecta, a bacterium of the genus Synechocystis,
the genus Synechococcus, or the genus Athrospira. An
open reading frame for use in this method may further
comprise a fifth nucleic acid encoding a tag inframe
with all other nucleic acids comprising the open
reading frame. The tag may be an epitope tag or a
metal affinity tag. [0018] Further disclosed herein is
a host cell comprising a fusion protein, wherein the
fusion protein comprises a first nucleic acid encoding
a protein and a second nucleic acid encoding a
selectable marker and wherein the host cell is a
non-vascular photosynthetic organism. The host cell
may be C. reinhardtii, D. salina, H. pluvalis, a
bacterium of the genus Synechocystis, the genus
Synechococcus, or the genus Athrospira. In some
instances, the vector is stably integrated into a
nuclear genome of the host cell. A fusion protein may
further comprise a cleavage moiety, a secretion
signal, a tag, or a combination thereof. A cleavage
moiety may be a self-cleaving protease, such as a
functional portion of the A2 region from foot and
mouth disease virus. Alternately, a cleavage moiety
may capable of being cleaved by a protease naturally
produced by said organism. One secretion signal which
may be utilized is a C. reinhardtii carbonic anhydrase
secretion signal. In fusion proteins comprising a tag,
the tag may be an epitope tag or a metal affinity tag.
[0019] Provided herein is a method of producing a
transgenic non-vascular photosynthetic organism
expressing a protein of interest under selective
conditions, where the method comprises the step of:
transforming the organism with a nucleic acid
comprising a single open reading frame, wherein the
open reading frame encodes a fusion protein comprising
said protein of interest and a selectable marker;
wherein the organism is capable of expressing the
selectable marker underenvironmental conditions which
require expression of the selectable marker for
continued viability of the organism, thereby resulting
in expression of said protein of interest. In some
instances, the protein is an isoprenoid producing
enzyme or a biomass degrading enzyme. A fusion protein
may further comprise a cleavage moiety, a secretion
signal, a tag, or a combination thereof. A cleavage
moiety may be a self-cleaving protease, such as a
functional portion of the A2 region from foot and
mouth disease virus. Alternately, a cleavage moiety
may capable of being cleaved by a protease naturally
produced by said organism. One secretion signal which
may be utilized is a C. reinhardtii carbonic anhydrase
secretion signal. In fusion proteins comprising a tag,
the tag may be an epitope tag or a metal affinity tag.
[0020] Further provided by the disclosure herein is a
method of increasing phytol production in a
non-vascular photosynthetic organism, comprising the
step of transforming the organism with a nucleic acid
which results in an increase in production of phytol
by the organism above a level produced by the organism
not containing said nucleic acid. In some instances,
the nucleic acid encodes a GPP synthase, a FPP
synthase, a geranylgeranyl reductase, a
chlorophyllidohydrolase, or a pyrophosphatase. In some
embodiments, a transformation step may comprise a
chloroplast transformation. In still other
embodiments, the enzyme is endogenous to the organism
or is homologous to an endogenous enzyme of the
organism or is exogenous to the organism. In some
instances, the enzyme is overexpressed. Expression of
the enzyme may be regulated by an inducible promoter.
The disclosed method may further comprise
transformation of the organism with a nucleic acid
which results in production of dimethylallyl alcohol,
isopentyl alcohol, geraniol, farnesol or
geranylgeraniol. In some instances, the organism used
in practicing the method is a photosynthetic bacteria,
cyanobacteria, cyanophyta, prochlorophyta, rhodophyta,
chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenophyta,
euglenoids, haptophyta, chrysophyta, cryptophyta,
cryptomonads, dinophyta, dinoflagellata,
pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phaeophyta, and
phytoplankton. The organism may be C. reinhardtii, D.
salina, H. pluvalis, S. dimorphus, D. viridis, or D.
tertiolecta. [0021] Also provided herein, is a host
cell comprising an introduced nucleic acid, wherein
the nucleic acid results in an increase in production
of phytol by the host cell above a level produced by a
host cell not containing the nucleic acid, wherein the
host cell is a non-vascular photosynthetic organism.
In some embodiments, the host cell can grow in a
high-saline environment, for example, the host cell
may be , D. viridis, or D. tertiolecta. In some
instances, the high-saline environment comprises
0.5-4.0 molar sodium chloride. In some host cells, the
nucleic acid is present in a chloroplast. In still
other host cells, the nucleic acid encodes an enzyme
selected from the groupconsisting of a GPP synthase, a
FPP synthase, a geranylgeranyl reductase, a
chlorophyllidohydrolase, and a pyrophosphatase. The
host cell may further comprise a nucleic 



acid which results in production of dimethylallyl
alcohol, isopentyl alcohol, geraniol, farnesol or
geranylgeraniol. The host cell may be a photosynthetic
bacteria, cyanobacteria, cyanophyta, prochlorophyta,
rhodophyta, chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenophyta,
euglenoids, haptophyta, chrysophyta, cryptophyta,
cryptomonads, dinophyta, dinoflagellata,
pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phaeophyta, and
phytoplankton. In some instances, the host cell is C.
reinhardtii, D. salina, H. pluvalis, S. dimorphus, D.
viridis, or D. tertiolecta. [0022] Another method
disclosed herein provides a method of producing phytol
in a non-vascular photosynthetic organism, comprising
the steps of transforming the organism with a nucleic
acid which results in an increase in production of
phytol by the organism above a level produced under
given environmental conditions; and collecting the
phytol from the organism. In some instances of this
method, the nucleic acid encodes a GPP synthase, a FPP
synthase, a geranylgeranyl reductase, a
chlorophyllidohydrolase, or a pyrophosphatase. In
still other instances, the transformation is a
chloroplast transformation. In still other
embodiments, the enzyme is endogenous to the organism
or is homologous to an endogenous enzyme of the
organism or is exogenous to the organism. In some
instances, the enzyme is overexpressed. Expression of
the enzyme may be regulated by an inducible promoter.
The disclosed method may further comprise
transformation of the organism with a nucleic acid
which results in production of dimethylallyl alcohol,
isopentyl alcohol, geraniol, farnesol or
geranylgeraniol. In some instances, the organism used
in practicing the method is a photosynthetic bacteria,
cyanobacteria, cyanophyta, prochlorophyta, rhodophyta,
chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenophyta,
euglenoids, haptophyta, chrysophyta, cryptophyta,
cryptomonads, dinophyta, dinoflagellata,
pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phaeophyta, and
phytoplankton. The organism may be C. reinhardtii, D.
salina, H. pluvalis, S. dimorphus, D. viridis, or D.
tertiolecta. [0023] Further provided herein is a
composition comprising at least 3% phytol and at least
a trace amount of a cellular portion of a genetically
modified non-vascular photosynthetic organism. In some
instances, the genetically modified organism is
modified by an endogenous, heterologous, or exogenous
GPP synthase, FPP synthase, geranylgeranyl reductase,
chlorophyllidohydrolase, or pyrophosphatase. In other
instances, a chloroplast of the organism is
genetically modified. The disclosed compositions may
further comprise dimethylallyl alcohol, isopentyl
alcohol, geraniol, farnesol or geranylgeraniol. In
some instances, the celllular portion present in the
composition is afrom a photosynthetic bacteria,
cyanobacteria, cyanophyta, prochlorophyta, rhodophyta,
chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenophyta,
euglenoids, haptophyta, chrysophyta, cryptophyta,
cryptomonads, dinophyta, dinoflagellata,
pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phaeophyta, and
phytoplankton. In other instances, the organism may be
C. reinhardtii, D. salina, H. pluvalis, S. dimorphus,
D. viridis, or D. tertiolecta. [0024] In some
instances, such nucleotide sequence(s) encode one or
more polypeptides that function in isoprenoid
synthetic pathway. Examples of polypeptides in the
isoprenoid biosynthetic pathway include synthases such
as C5, ClO, C15, C20, C30, and C40 synthases. More
specific examples of polypeptides in the isoprenoid
pathway limonene synthase, 1,8 cineole synthase, a-
pinene synthase, camphene synthase, (+)-sabinene
synthase, myrcene synthase, abietadiene synthase,
taxadiene synthase, farnesyl pyrophosphate synthase,
amorphadiene synthase, (E)-a- bisabolene synthase,
diapophytoene synthase, or diapophytoene desaturase.
In other embodiments, the synthase is b-caryophyllene
synthase, germacrene A synthase, 8-epicedrol synthase,
valencene synthase, (+)-d-cadinene synthase,
germacrene C synthase, (E)-b-farnesene synthase,
casbene synthase, vetispiradiene synthase,
5-epi-aristolochene synthase, aristolchene synthase,
a-humulene, (E,E)-a-farnesene synthase, (- )-b-pinene
synthase, g-terpinene synthase, limonene cyclase,
linalool synthase, (+)-bornyl diphosphate synthase,
levopimaradiene synthase, isopimaradiene synthase,
(E)-g-bisabolene synthase, copalyl pyrophosphate
synthase, kaurene synthase, longifolene synthase,
g-humulene synthase, d-selinene synthase, b-
phellandrene synthase, terpinolene synthase,
(+)-3-carene synthase, syn-copalyl diphosphate
synthase, a-terpineol synthase, syn-pimara-7,15-diene
synthase, ent-sandaaracopimaradiene synthase, sterner-
13 -ene synthase, E-b-ocimene, S-linalool synthase,
geraniol synthase, g-terpinene synthase, linalool
synthase, E-b-ocimene synthase, epi-cedrol synthase,
a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase, elizabethatriene
synthase, sandalol synthase, patchoulol synthase,
zinzanol synthase, cedrol synthase, scareol synthase,
copalol synthase, or manool synthase. [0025] Any of
the nucleotides sequences contemplated herein can
include one or more heterologous sequences and/or one
or more homologous sequences. [0026] In some
instances, the products produced can be naturally
produced by the organism that is transformed. In other
instances, the products are not naturally produced by
the organism that is transformed. [0027] In some
instances, a product (e.g. fuel, fuel feedstock,
fragrance, insecticide) is a hydrocarbon-rich
molecule, e.g. an isoprenoid. An isoprenoid
(classified by the number of isopreneunits) can be a
hemiterpene, monoterpene, sesquiterpene, diterpene,
triterpene, or tetraterpene. In specific embodiments,
the isoprenoid may be a naturally occurring
isoprenoid, such as a steroid or carotenoid.
Subclasses of carotenoids include carotenes and
xanthophylls. Some isoprenoids are pure hydrocarbons
(e.g. limonene) and others are hydrocarbon derivatives
(e.g. cineole). [0028] Any of the nucleotide sequences
herein can further include codons biased for
expression of the nucleotide sequences in the organism
transformed. In some instances, codons in the
nucleotide sequences are A/T rich in a third
nucleotide position of the codons. For example, at
least 50% of the third nucleotide position of the
codons may be A or T. In other instances, the codons
are G/C rich, for example at least 50% of the third
nucleotide positions of the codons may be G or C.
[0029] The nucleotide sequences herein can be adapted
for chloroplast expression. For example, a nucleotide
sequence herein can comprise a chloroplast specific
promoter or chloroplast specific regulatory control
region. The nucleotide sequences can also be adapted
for nuclear expression. For example, a nucleotide
sequence can comprise a nuclear specific promoter or
nuclear specific regulatory control regions. The
nuclear sequences can encode a protein with a
targeting sequence that encodes a chloroplast
targeting protein (e.g., a chloroplast transit
peptide), or a signal peptide that directs a protein
to the endomembrane system for deposition in the
endoplasmic reticulum or plasma membrane. [0030] Fuel
products are produced by altering the enzymatic
content of the cell to increase the 



biosynthesis of specific fuel molecules. For example,
nucleotide sequences encoding biosynthetic enzymes can
be introduced into the chloroplast of a photosynthetic
organism. Nucleotide sequences encoding fuel
biosynthetic enzymes can also be introduced into the
nuclear genome of the photosynthetic organisms.
Nucleotide sequences introduced into the nuclear
genome can direct accumulation of the biosynthetic
enzyme in the cytoplasm of the cell, or may direct
accumulation of the biosynthetic enzyme in the
chloroplast of the photosynthetic organism. [0031] Any
of the nucleotide sequences herein may further
comprise a regulatory control sequence. Regulatory
control sequences can include one or more of the
following: a promoter, an intron, an exon, processing
elements, 3' untranslated region, 5' untranslated
region, RNA stability elements, or translational
enhancers A promoter may be one or more of the
following: a promoter adapted for expression in the
organism, an algal promoter, a chloroplast promoter,
and a nuclear promoter, any of which may be a native
or synthetic promoters. A regulatory control sequence
can be inducible or autoregulatable. A regulatory
control sequence can include autologous and/or
heterologous sequences. In some cases, control
sequences can be flanked by a first homologous
sequence and a second homologous sequence. The first
and second homologous sequences can each be at least
500 nucleotides in length. The homologous sequences
can allow for eitherhomologous recombination or can
act to insulate the heterologous sequence to
facilitate gene expression. [0032] In some instances,
a nucleotide sequence may allow for secretion of the
product (e.g., a protein) from the cell. In these
cases, the nucleotide sequences herein may encode a
protein that enhances or initiates or increases the
rate of secretion of a product from an organism to the
external environment. [0033] The present invention
also contemplates organisms transformed with the one
or more nucleotide sequences or expression vectors
herein. Such organisms are preferably photosynthetic
and can be, e.g., unicellular or mutlicellular. For
example, such organisms can be multicellular or
unicellular algae or cyanobacteria. Some examples of
algae contemplated herein include rhodophyta,
chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophytes, euglenoids,
haptophyta, cryptomonads, dinoflagellata, and
phytoplankton. [0034] Any of the organisms
contemplated herein can be transiently or stably
transformed with one or more of the expression vectors
described herein. Preferably, the production of the
product by the organism does not render the organism
unviable. [0035] The present invention also
contemplates methods for producing a fuel product. The
method can include transforming a non-vascular,
photosynthetic organism with an expression vector,
growing the organism; and collecting the fuel product
produced by the organism. The expression vector can
encode a protein that alters the biosynthetic pathway
of a photosynthetic organism to allow for increased
production or accumulation of a fuel molecule. The
expression vector might also encode regulatory
elements that alter a native enzyme in a biosynthetic
pathway to allow for increased fuel production or
accumulation. The vector may also encode a protein or
regulatory elements that allows for secretion or
increased secretion of a fuel molecule. [0036] The
present invention also provides a business method
comprising providing a carbon credit to a party
growing a genetically modified non-vascular,
photosynthetic organism adapted to produce a fuel
product. The organism may be any of the ones described
herein. In some embodiments, the carbon credit is
exchanged for one or more of the following: a
substantially liquid monetary instrument, commitment
of at least one of present and future business
opportunity, a legal grant regarding an intellectual
property right, government tax subsidy, access to
purchasers of a given market; or use of a carbon
emission process not comprising growing the organism.
The carbon credit may be substantially received
directly from a regulatory agency. Alternatively, the
carbon credit is substantially received directly from
an administrative entity. The carbon credit may be
regulated by at least one entity selected from the
group consisting of: a city, county, state,
provincial, national, regional, multi-national, and
international sovereign entity.BRIEF DESCRIPTION OF
THE FIGURES [0037] The novel features of the invention
are set forth with particularity in the appended
claims. A better understanding of the features and
advantages of the present invention will be obtained
by reference to the following detailed description
that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the
accompanying drawings of which: [0038] Figure 1 is a
representation of a naturally occurring enzyme pathway
in C. reinhardtii. [0039] Figure 2 is a representation
of one example of a modification of enzyme pathway in
C. reinhardtii. [0040] Figure 3, panels A-D provide a
schematic representation of nucleic acid constructs of
the present invention. [0041] Figure 4, panels A-D
show PCR and Western analysis of C. reinhardtii
transformed with FPP synthase and bisabolene synthase.
[0042] Figure 5 shows gas chromatography - mass
spectrometry analysis of C. reinhardtii transformed
with FPP synthase and bisabolene synthase. [0043]
Figure 6, panels A-E show PCR and Western analysis of
C. reinhardtii transformed with FPP synthase and
squalene synthase. [0044] Figure 7 shows gas
chromatography - mass spectrometry analysis of C.
reinhardtii transformed with FPP synthase and squalene
synthase. [0045] Figure 8 shows Western analysis of C.
reinhardtii transformed with limonene synthase. [0046]
Figure 9 shows gas chromatography - mass spectrometry
analysis of C. reinhardtii transformed with limonene
synthase. [0047] Figure 10, panels A-C show PCR and
Western analysis of C. reinhardtii transformed with
GPP synthase. [0048] Figure 11 shows PCR and Western
analysis of C. reinhardtii transformed with FPP
synthase and zingiberene synthase. [0049] Figure 12
shows Western analysis of C. reinhardtii transformed
with FPP synthase and sesquiterpene synthase. [0050]
Figure 13 shows gas chromatography - mass spectrometry
analysis of phytol production in C. reinhardtii
transformed with FPP synthase and sesquiterpene
synthase. [0051] Figure 14 shows Western analysis of
E. coli transformed with FPP synthase and
sesquiterpene synthase. [0052] Figure 15 shows gas
chromatography - mass spectrometry analysis of FPP and
sesquiterpene production in E. coli transformed with
FPP synthase and sesquiterpene synthase. [0053] Figure
16 is a graphic representation of nucleic acid
constructs of the present invention.[0054] Figure 17
shows Western analysis of C. reinhardtii expressing
xylanase 2 from the nucleus. 



[0055] Figure 18 shows a comparison of xylanase
activity from exogenous enzymes expressed in the
nucleus and chloroplast of C. reinhardtii. [0056]
Figure 19 shows Western analysis of C. reinhardtii
expressing endoglucanase from the nucleus. [0057]
Figure 20 shows Western analysis of C. reinhardtii
expressing CBHl from the nucleus. DETAILED DESCRIPTION
OF THE INVENTION [0058] The present invention relates
to compositions and methods for creating product(s)
using one or more photosynthetic organisms. In some
instances, the photosynthetic organisms are non
vascular organisms (e.g., cyanobacteria, algae). As
detailed herein, a non-vascular photosynthetic
organism (NVPO) may be transformed with exogenous,
heterologous or autologous nucleic acids which encode
one or more enzymes that effect the production of the
product(s) of the invention. For example, an NVPO
(e.g., C. reinhardtii) may be transformed with one or
more nucleic acids encoding enzyme(s) (e.g.,
bisabolene synthase, sesquiterpene synthase) which
effect the production of a desired product (e.g.,
bisabolene, squalene). The product(s) produced may be
naturally, or not naturally, produced by the
photosynthetic organism. When naturally produced,
production may be enhanced by introduction of the
nucleic acids of the present invention. For example,
transformation of an NVPO with one or more nucleic
acids encoding enzymes which effect the production of
a desired product (e.g., zingiberene, bisabolene), may
result in increased production of another product
(e.g., phytol). In still other instances, multiple
products may be produced by a transformed NVPO and the
multiple products may be naturally occurring,
non-naturally occurring, or a combination thereof. The
compositions of the present invention may comprise
mixtures of naturally and non-naturally occurring
products in a ratio of 1:0. 1, 1:0.2, 1:0.3, 1:0.4,
1:0.5, 1: 0.6, 1:0.7, 1:0.8, 1:0.9, 1:1, 1:2, 1:3,
1:4, 1:5, 1:6, 1:7, 1:8, 1:9, 1:10, 1:20, 1:30, 1:40,
1:50, 1:60, 1:70, 1:80, 1:90, 1:100 or higher. [0059]
The products which are produced by the methods of the
present invention include hydrocarbons and hydrocarbon
derivatives. In certain aspects, the hydrocarbon
and/or derivative is an isoprenoid (or terpenoid). The
isoprenoids contemplated by the present invention may
contain any number of carbon atoms, with isoprenoids
containing five to fifty carbon atoms being exemplary.
An isoprenoid of the present invention may be one
naturally produced by the NVPO prior to transformation
(e.g., phytol), or may be produced only after
insertion of an exogenous nucleic acid (e.g.,
zingiberene). A product of the present invention may
also contain one or more non-naturally produced
isoprenoids in addition to one or more naturally
produced isoprenoids. Additionally, the products are
produced intracellularly and may be sequestered in the
organism.Thus, collection of the product may involve
disruption of one or more cells of the organism(s) of
the present invention and/or collection of the product
from the environment surrounding the organism(s).
Collection of the product(s) of the present invention
may involve collecting all or part of a liquid
environment in which the cells are grown, isolating
the cells from the liquid environment, and disrupting
the cells prior to or following isolation from the
growth environment, or a combination of these. [0060]
The collected product may be purified (e.g., refined)
following collection. The product may be utilized in
the form in which it is collected, or may be altered
prior to, or after collection. For example, where the
product is a sesquiterpene (C15), the sesquiterpene
may be hydrogenated, cracked, or otherwise modified,
resulting in a compound with a different number of
carbon atoms. In some instances, alteration of the
product may yield a fuel product (e.g., octane,
butane). [0061] Organisms [0062] Examples of organisms
that can be transformed using the compositions and
methods herein include vascular and non-vascular
organisms. The organism can be prokaroytic or
eukaroytic. The organism can be unicellular or
multicellular. [0063] Examples of non-vascular
photosynthetic organisms include bryophtyes, such as
marchantiophytes or anthocerotophytes. In some
instances, the organism is a cyanobacteria. In some
instances, the organism is algae (e.g., macroalgae or
microalgae). The algae can be unicellular or
multicellular algae. In some instances, the organism
is a rhodophyte, chlorophyte, heterokontophyte,
tribophyte, glaucophyte, chlorarachniophyte,
euglenoid, haptophyte, cryptomonad, dinoflagellum, or
phytoplankton. For example, the microalgae
Chlamydomonas reinhardtii may be transformed with a
vector, or a linearized portion therof, encoding
limonene synthase to produce limonene. [0064] The
methods of the present invention are exemplified using
the microalga, C. reinhardtii. The use of microalgae
to express a polypeptide or protein complex according
to a method of the invention provides the advantage
that large populations of the microalgae can be grown,
including commercially (Cyanotech Corp.; Kailua-Kona
HI), thus allowing for production and, if desired,
isolation of large amounts of a desired product.
However, the ability to express, for example,
functional mammalian polypeptides, including protein
complexes, in the chloroplasts of any plant allows for
production of crops of such plants and, therefore, the
ability to conveniently produce large amounts of the
polypeptides. Accordingly, the methods of the
invention can be practiced using any plant having
chloroplasts, including, for example, microalga and
macroalgae, for example, marine algae and seaweeds, as
well as plants that grow in soil.[0065] The term
"plant" is used broadly herein to refer to a
eukaryotic organism containing plastids, particularly
chloroplasts, and includes any such organism at any
stage of development, or to part of a plant, including
a plant cutting, a plant cell, a plant cell culture, a
plant organ, a plant seed, or a plantlet. A plant cell
is the structural and physiological unit of the plant,
comprising a protoplast and a cell wall. A plant cell
can be in the form of an isolated single cell or a
cultured cell, or can be part of higher organized
unit, for example, a plant tissue, plant organ, or
plant. Thus, a plant cell can be a protoplast, a
gamete producing cell, or a cell or collection of
cells that can regenerate into a whole plant. As such,
a seed, which comprises multiple plant cells and is
capable of regenerating into a whole plant, is
considered plant cell for purposes of this disclosure.
A plant tissue or plant organ can be a seed,
protoplast, callus, or any other groups of plant cells
that is organized into a structural or functional
unit. Particularly useful parts of a plant include
harvestable parts and parts useful for propagation of
progeny plants. A harvestable part of a plant can be
any useful part of a plant, for example, flowers,
pollen, seedlings, tubers, leaves, stems, fruit,
seeds, roots, and the like. A part of a plant useful
for propagation includes, for example, seeds, fruits,
cuttings, seedlings, tubers, rootstocks, and the like.
[0066] A method of the invention can generate a plant
containing chloroplasts that are genetically modified
to contain a stably integrated polynucleotide (Hager
and Bock, Appl. Microbiol. Biotechnol. 54:302-310,
2000). Accordingly, the present invention further
provides a transgenic 



(transplastomic) plant, e.g. C. reinhardtii, which
comprises one or more chloroplasts containing a
polynucleotide encoding one or more heterologous
polypeptides, including polypeptides that can
specifically associate to form a functional protein
complex. A photosynthetic organism of the present
invention comprises at least one host cell that is
modified to generate a product. [00671 Vectors,
Transformation and Methods . [0068] The organisms/host
cells herein can be transformed to modify the
production and/or secretion of a product(s) with an
expression vector, or a linearized portion therof, for
example, to increase production and/or secretion of a
product(s). The product(s) can be naturally or not
naturally produced by the organism. [0069] The
expression vector, or a linearized portion therof, can
encode one or more homologous or heterologous
nucleotide sequences (derived from the host organism
or from a different organism) and/or one or more
autologous nucleotide sequences (derived from the same
organism) and/or those that encode homologous or
heterologous polypeptides. Examples of heterologous
nucleotide sequences that can be transformed into an
algal host cell include genes from bacteria, fungi,
plants, photosynthetic bacteria or other algae.
Examples of autologous nucleotide sequences that can
be transformed into an algal host cell include
isoprenoid producing genes, including geneswhich
encode for proteins which produce isoprenoids with two
phosphates (e.g., GPP synthase, FPP synthase),
endogenous promoters and 5' UTRs from the psbA, atpA,
or rbcL genes. In some instances, a heterolgous
sequence is flanked by two autologous sequences or
homologous sequences. Homologous sequences include
those that have at least 50%, 60%, 70%, 80%, or 90%
homology to the sequence in the host cell. In some
instances, a homologous sequence is flanked by two
autologous sequences. The first and second homologous
sequences enable recombination of the heterologous
sequence into the genome of the host organism. The
first and second homologous sequences can be at least
100, 200, 300, 400, or 500 nucleotides in length.
[0070] The expression vector may comprise nucleotide
sequences that are codon biased for expression in the
organism being transformed. The skilled artisan is
well aware of the "codonbias" exhibited by a specific
host cell in usage of nucleotide codons to specify a
given amino acid. Without being bound by theory, by
using a host cell's preferred codons, the rate of
translation may be greater. Therefore, when
synthesizing a gene for improved expression in a host
cell, it may be desirable to design the gene such that
its frequency of codon usage approaches the frequency
of preferred codon usage of the host cell. In some
organisms, codon bias differs between the nuclear
genome and organelle genomes, thus, codon optimization
or biasing may be performed for the target genome
(e.g., nuclear codon biased, chloroplast codon
biased). The codons of the present invention are
generally A/T rich, for example, A/T rich in the third
nucleotide position of the codons. Typically, the A/T
rich codon bias is used for algae. In some
embodiments, at least 50% of the third nucleotide
position of the codons are A or T. In other
embodiments, at least 60%, 70%, 80%, 90%, or 99% of
the third nucleotide position of the codons are A or
T. [0071] One approach to construction of a
genetically manipulated strain of alga involves
transformation with a nucleic acid which encodes a
gene of interest, typically an enzyme capable of
converting a precursor into a fuel product or
precursor of a fuel product. In some embodiments, a
transformation may introduce nucleic acids into any
plastid of the host alga cell (e.g., chloroplast).
Transformed cells are typically plated on selective
media following introduction of exogenous nucleic
acids. This method may also comprise several steps for
screening. Initially, a screen of primary
transformants is typically conducted to determine
which clones have proper insertion of the exogenous
nucleic acids. Clones which show the proper
integration may be propagated and re-screened to
ensure genetic stability. Such methodology ensures
that the transformants contain the genes of interest.
In many instances, such screening is performed by
polymerase chain reaction (PCR); however, any other
appropriate technique known in the art may be
utilized. Many different methods of PCR are known in
the art (e.g., nested PCR, real time PCR). For any
given screen, one of skill in the art will recognize
that PCR components may bevaried to achieve optimal
screening results. For example, magnesium
concentration may need to be adjusted upwards when PCR
is performed on disrupted alga cells to which EDTA
(which chelates magnesium) is added to chelate toxic
metals. In such instances, magnesium concentration may
need to be adjusted upward, or downward (compared to
the standard concentration in commercially available
PCR kits) by 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9,
or 2.0 mM. Thus, after adjusting, final magnesium
concentration in a PCR reaction may be, for example
0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7,
1.8, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8,
2.9, 3.0, 3.1, 3.2, 3.3, 3.4, 3.5 mM or higher.
Particular examples are utilized in the examples
described herein; however, one of skill in the art
will recognize that other PCR techniques may be
substituted for the particular protocols described.
Following screening for clones with proper integration
of exogenous nucleic acids, typically clones are
screened for the presence of the encoded protein.
Protein expression screening typically is performed by
Western blot analysis and/or enzyme activity assays.
[0072] A recombinant nucleic acid molecule useful in a
method of the invention can be contained in a vector.
Furthermore, where the method is performed using a
second (or more) recombinant nucleic acid molecules,
the second recombinant nucleic acid molecule also can
be contained in a vector, which can, but need not, be
the same vector as that containing the first
recombinant nucleic acid molecule. The vector can be
any vector useful for introducing a polynucleotide
into a chloroplast and, preferably, includes a
nucleotide sequence of chloroplast genomic DNA that is
sufficient to undergo homologous recombination with
chloroplast genomic DNA, for example, a nucleotide
sequence comprising about 400 to 1500 or more
substantially contiguous nucleotides of chloroplast
genomic DNA. Chloroplast vectors and methods for
selecting regions of a chloroplast genome for use as a
vector are well known (see, for example, Bock, J .
MoI. Biol. 312:425-438, 2001; see, also, Staub and
Maliga, Plant Cell 4:39-45, 1992; Kavanagh et al,
Genetics 152:1 111- 1122, 1999, each of which is
incorporated herein by reference). [0073] In some
instances, such vectors include promoters. Promoters
useful for the present invention may come from any
source (e.g., viral, bacterial, fungal, protist,
animal). The promoters contemplated herein can be
specific to photosynthetic organisms, non-vascular
photosynthetic organisms, and vascular photosynthetic
organisms (e.g., algae, flowering plants). As used
herein, the term "non-vascular photosynthetic
organism," refers to any macroscopic or microscopic
organism, including, but not limited to, algae,
cyanobacteria and photosynthetic bacteria, which does
not have a vascular system such as that found in
higher plants. In some instances, the nucleic acids
above are inserted into a vector that comprises a
promoter of a photosynthetic organism, e.g., algae.
The promoter can be a promoter for expression in a
chloroplast and/or other plastid. In someinstances,
the nucleic acids are chloroplast based. Examples of
promoters contemplated for 



insertion of any of the nucleic acids herein into the
chloroplast include those disclosed in US Application
No. 2004/0014174. The promoter can be a constitutive
promoter or an inducible promoter. A promoter
typically includes necessary nucleic acid sequences
near the start site of transcription, (e.g., a TATA
element). [0074] A "constitutive" promoter is a
promoter that is active under most environmental and
developmental conditions. An "inducible" promoter is a
promoter that is active under environmental or
developmental regulation. Examples of inducible
promoters/regulatory elements include, for example, a
nitrate -inducible promoter (Bock et al, Plant MoI.
Biol. 17:9 (1991)), or a light-inducible promoter,
(Feinbaum et al, MoI Gen. Genet. 226:449 (1991); Lam
and Chua, Science 248:471 (1990)), or a heat
responsive promoter (Muller et al., Gene 111: 165-73
(1992)). [0075] The entire chloroplast genome of C.
reinhardtii is available to the public on the world
wide web, at the URL "biology.duke.edu/chlamy genome/-
chloro.html" (see "view complete genome as text file"
link and "maps of the chloroplast genome" link), each
of which is incorporated herein by reference (J. Maul,
J .W. Lilly, and D. B. Stern, unpublished results;
revised Jan. 28, 2002; to be published as GenBank Ace.
No. AF396929). Generally, the nucleotide sequence of
the chloroplast genomic DNA is selected such that it
is not a portion of a gene, including a regulatory
sequence or coding sequence, particularly a gene that,
if disrupted due to the homologous recombination
event, would produce a deleterious effect with respect
to the chloroplast, for example, for replication of
the chloroplast genome, or to a plant cell containing
the chloroplast. In this respect, the website
containing the C. reinhardtii chloroplast genome
sequence also provides maps showing coding and
non-coding regions of the chloroplast genome, thus
facilitating selection of a sequence useful for
constructing a vector of the invention. For example,
the chloroplast vector, p322, is a clone extending
from the Eco (Eco RI) site at about position 143.1 kb
to the Xho (Xho I) site at about position 148.5 kb
(see, world wide web, at the URL
"biology.duke.edu/chlamy genome/chloro. html", and
clicking on "maps of the chloroplast genome" link, and
"140-150 kb" link; also accessible directly on world
wide web at URL "biology.duke.edu/chlam-
y/chloro/chloro 140.html"). [0076] A vector utilized
in the practice of the invention also can contain one
or more additional nucleotide sequences that confer
desirable characteristics on the vector, including,
for example, sequences such as cloning sites that
facilitate manipulation of the vector, regulatory
elements that direct replication of the vector or
transcription of nucleotide sequences contain therein,
sequences that encode a selectable marker, and the
like. As such, the vector can contain, for example,
one or more cloning sites such as a multiple cloning
site, which can, but need not, be positioned such
thata heterologous polynucleotide can be inserted into
the vector and operatively linked to a desired
element. The vector also can contain a prokaryote
origin of replication (ori), for example, an E. coli
ori or a cosmid ori, thus allowing passage of the
vector in a prokaryote host cell, as well as in a
plant chloroplast, as desired. [0077] A regulatory
element, as the term is used herein, broadly refers to
a nucleotide sequence that regulates the transcription
or translation of a polynucleotide or the localization
of a polypeptide to which it is operatively linked.
Examples include, but are not limited to, an RBS, a
promoter, enhancer, transcription terminator, an
initiation (start) codon, a splicing signal for intron
excision and maintenance of a correct reading frame, a
STOP codon, an amber or ochre codon, and an IRES.
Additionally, a cell compartmentalization signal
(i.e., a sequence that targets a polypeptide to the
cytosol, nucleus, chloroplast membrane or cell
membrane). In some aspects of the present invention, a
cell compartmentalization signal (e.g., a chloroplast
targeting sequence) may be ligated to a gene and/or
transcript, such that tranlation of the gene occurs in
the chloroplast. In other aspects, a cell
compartmentalization signal may be ligated to a gene
such that, following translation of the gene, the
protein is transported to the chloroplast. Such
signals are well known in the art and have been widely
reported. See, e.g., U.S. Pat. No. 5,776,689; Quinn et
al., J. Biol. Chem. 1999; 274(20): 14444-54; von
Heijne et al., Eur. J. Biochem. 1989; 180(3): 535-45.
[0078] A vector, or a linearized portion therof, may
include a nucleotide sequence encoding a reporter
polypeptide or other selectable marker. The term
"reporter" or "selectable marker" refers to a
polynucleotide (or encoded polypeptide) that confers a
detectable phenotype. A reporter generally encodes a
detectable polypeptide, for example, a green
fluorescent protein or an enzyme such as luciferase,
which, when contacted with an appropriate agent (a
particular wavelength of light or luciferin,
respectively) generates a signal that can be detected
by eye or using appropriate instrumentation (Giacomin,
Plant Sci. 116:59-72, 1996; Scikantha, J. Bacteriol.
178:121, 1996; Gerdes, FEBS Lett. 389:44-47, 1996;
see, also, Jefferson, EMBOJ. 6:3901-3907, 1997,
flglucuronidase). A selectable marker generally is a
molecule that, when present or expressed in a cell,
provides a selective advantage (or disadvantage) to
the cell containing the marker, for example, the
ability to grow in the presence of an agent that
otherwise would kill the cell. [0079] A selectable
marker can provide a means to obtain prokaryotic cells
or plant cells or both that express the marker and,
therefore, can be useful as a component of a vector of
the invention (see, for example, Bock, supra, 2001).
One class of selectable markers are native or modified
genes which restore a biological or physiological
function to a host cell (e.g., restores photosynthetic
capability, restores a metabolic pathway). Other
examples of selectable markers include, but are not
limited to, those that confer antimetabolite
resistance, for example, dihydrofolate reductase,which
confers resistance to methotrexate (Reiss, Plant
Physiol. {Life Sci. Adv.) 13:143-149, 1994); neomycin
phosphotransferase, which confers resistance to the
aminoglycosides neomycin, kanamycin and paromycin
(Herrera-Estrella, EMBO J . 2:987-995, 1983), hygro,
which confers resistance to hygromycin (Marsh, Gene
32:481-485, 1984), trpB, which allows cells to utilize
indole in place of tryptophan; hisD, which allows
cells to utilize histinol in place of histidine
(Hartman, Proc. Natl. Acad. Sci., USA 85:8047, 1988);
mannose-6-phosphate isomerase which allows cells to
utilize mannose (WO 94/20627); ornithine
decarboxylase, which confers resistance to the
ornithine decarboxylase inhibitor,
2-(difluoromethyl)-DL-ornithine (DFMO; McConlogue,
1987, In: Current Communications in Molecular Biology,
Cold Spring Harbor Laboratory ed.); and deaminase from
Aspergillus terreus, which confers resistance to
Blasticidin S (Tamura, Biosci. Biotechnol. Biochem.
59:2336-2338, 1995). Additional selectable markers
include those that confer herbicide resistance, for
example, phosphinothricin acetyltransferase gene,
which confers resistance to phosphinothricin (White et
al., Nucl. Acids Res. 18:1062, 1990; Spencer et al.,
Theor. Appl. Genet. 79:625-631, 1990), a mutant
EPSPV-synthase, which confers glyphosate resistance
(Hinchee et al., BioTechnology 91:915-922, 1998), a
mutant acetolactate synthase, which confers
imidazolione or sulfonylurea resistance (Lee et al.,
EMBO J . 7 :1241-1248, 1988), a mutant psbA, which
confers resistance to atrazine (Smeda et al., Plant
Physiol. 103:91 1-917, 1993), or a mutant 



protoporphyrinogen oxidase (see U.S. Pat. No.
5,767,373), or other markers conferring resistance to
an herbicide such as glufosinate. Selectable markers
include polynucleotides that confer dihydrofolate
reductase (DHFR) or neomycin resistance for eukaryotic
cells and tetracycline; ampicillin resistance for
prokaryotes such as E. coli; and bleomycin,
gentamycin, glyphosate, hygromycin, kanamycin,
methotrexate, phleomycin, phosphinotricin,
spectinomycin, streptomycin, sulfonamide and
sulfonylurea resistance in plants (see, for example,
Maliga et al., Methods in Plant Molecular Biology,
Cold Spring Harbor Laboratory Press, 1995, page 39).
[0080] Reporter genes have been successfully used in
chloroplasts of higher plants, and high levels of
recombinant protein expression have been reported. In
addition, reporter genes have been used in the
chloroplast of C. reinhardtii, but, in most cases very
low amounts of protein were produced. Reporter genes
greatly enhance the ability to monitor gene expression
in a number of biological organisms. In chloroplasts
of higher plants, b-glucuronidase (uidA, Staub and
Maliga, EMBO J . 12:601-606, 1993), neomycin
phosphotransferase (nptll, Carrer et al., MoI. Gen.
Genet. 241:49-56, 1993), adenosyl-3-adenyltransf-
erase (aadA, Svab and Maliga, Proc. Natl. Acad. Sci.,
USA 90:913-917, 1993), and the Aequorea victoria GFP
(Sidorov et al., Plant J . 19:209-216, 1999) have been
used as reporter genes (Heifetz, Biochemie 82:655-666,
2000). Each of these genes has attributes that make
them useful reporters of chloroplast gene expression,
such as ease of analysis,sensitivity, or the ability
to examine expression in situ. Based upon these
studies, other heterologous proteins have been
expressed in the chloroplasts of higher plants such as
Bacillus thuringiensis Cry toxins, conferring
resistance to insect herbivores (Kota et al., Proc.
Natl. Acad. ScL, USA 96:1840-1845, 1999), or human
somatotropin (Staub et al., Nat. Biotechnol.
18:333-338, 2000), a potential biopharmaceutical.
Several reporter genes have been expressed in the
chloroplast of the eukaryotic green alga, C.
reinhardtii, including aadA (Goldschmidt-Clermont,
Nucl. Acids Res. 19:4083-4089 1991; Zerges and
Rochaix, Mo/. Cell Biol. 14:5268-5277, 1994), uidA
(Sakamoto et al., Proc. Natl. Acad. ScL, USA
90:477-501, 19933, Ishikura et al., J. Biosci. Bioeng.
87:307-314 1999), Renilla luciferase (Minko et al.,
MoI. Gen. Genet. 262:421-425, 1999) and the amino
glycoside phosphotransferase from Acinetobacter
baumanii, aphA6 (Bateman and Purton, MoI. Gen. Genet
263:404-410, 2000). [0081] The vectors described
herein may contain modified genes and/or open reading
frames containing one or more recombinantly produced
features. For example, a gene encoding a protein of
interest may be tagged with a useful molecular marker.
In some instances, the tag may be an epitope tag or a
tag polypeptide. Generally, epitope tags comprise a
sufficient number of amino acid residues to provide an
epitope against which an antibody can be made, yet is
short enough such that it does not interfere with
activity of the polypeptide to which it is fused.
Preferably a tag is also fairly unique so that an
antibody raised to the tag does not substantially
cross-react with other epitopes (e.g., a FLAG tag).
Othe appropriate tags may be used, for example,
affinity tags. Affinity tags are appended to proteins
so that they can be purified from their crude
biological source using an affinity technique.
Examples of such tags include, but are not limited to,
chitin binding protein (CBP), maltose binding protein
(MBP), glutathione-s-transferase (GST) and metal
affinity tags (e.g., pol(His). Positioning of tags at
the C- and/or N-terminal may be determined based on,
for example, protein function. One of skill in the art
will recognize that selection of an appropriate tag
will be based on multiple factors, including the
intended use, the target protein, cost, etc. [0082]
Another example of a modification which may be made to
a gene encoding a protein of the present invention is
the addition of a cleavage moiety. Typically, the
cleavage moiety is a polypeptide of appropriate length
to be targeted by a protease. The protease may be
naturally occurring in the organism which is intended
to be the host for the vectors of the present
invention. For example, where the target host is C.
reinhardtii, a protein may be engineered to contain an
amino acid region recognized by membrane-bound
proteases {see, e.g., Hoober et al., Plant Physiol.
1992 July; 99(3): 932-937) or a CIpP protease (NCBI #
3053). In other instances, a selfcleaving protease,
such as the A2 region (or a functional portion
thereof) of Foot and MouthDisease Virus may be
utilized. Halpin, et al, Plant J., 1999; 17(4),
453-459. Typically, cleavage moieties will be utilized
for vectors of the present invention which contain
fusion proteins. For example, in some instances a
vector may comprise a single open reading frame which
encodes a fusion protein, a cleavage moiety may be
inserted between the sequences encoding portions of
the fusion protein (e.g., see FIG. 14A). [0083] Still
another modification which may be made to a gene
encoding a protein of the present invention is the
addition of a secretion signal. Protein secretion is
typically conferred by a hydrophobic secretion signal
usually located at the N-terminal of the polypeptide
which targets the protein to the endoplasmic reticulum
and, eventually, the cell membrane. Secretion signals
allow for the production and secretion of recombinant
proteins in numerous hosts, including NVPOs. One
example of a secretion signal which may be utilized in
the present invention is the signal from the C.
reinhardtii carbonic anhydrase protein. Toguri, et
al., Eur. J. Biochem. 1986; 158, 443-450. Many such
signals are known in the art, and the selection of an
appropriate signal depends on, for example, the host
cell and protein folding. [0084] In some instances,
the vectors of the present invention will contain
elements such as an E. coli or S. cerevisiae origin of
replication. Such features, combined with appropriate
selectable markers, allows for the vector to be
"shuttled" between the target host cell and the
bacterial and/or yeast cell. The ability to passage a
shuttle vector of the invention in a secondary host
may allow for more convenient manipulation of the
features of the vector. For example, a reaction
mixture containing the vector and putative inserted
polynucleotides of interest can be transformed into
prokaryote host cells such as E. coli, amplified and
collected using routine methods, and examined to
identify vectors containing an insert or construct of
interest. If desired, the vector can be further
manipulated, for example, by performing site directed
mutagenesis of the inserted polynucleotide, then again
amplifying and selecting vectors having a mutated
polynucleotide of interest. A shuttle vector then can
be introduced into plant cell chloroplasts, wherein a
polypeptide of interest can be expressed and, if
desired, isolated according to a method of the
invention. [0085] A polynucleotide or recombinant
nucleic acid molecule of the invention, can be
introduced into plant chloroplasts or nucleus using
any method known in the art. A polynucleotide can be
introduced into a cell by a variety of methods, which
are well known in the art and selected, in part, based
on the particular host cell. For example, the
polynucleotide can be introduced into a plant cell
using a direct gene transfer method such as
electroporation or microprojectile mediated
(biolistic) transformation using a particle gun, or
the "glass bead method," or by pollen-mediated
transformation, liposome-mediated transformation,
transformation using wounded or enzymedegraded
immature embryos, or wounded or enzyme-degraded
embryogenic callus (Potrykus, Ann. 



Rev. Plant. Physiol. Plant MoI. Biol. 42:205-225,
1991). [0086] The term "exogenous" is used herein in a
comparative sense to indicate that a nucleotide
sequence (or polypeptide) being referred to is from a
source other than a reference source, or is linked to
a second nucleotide sequence (or polypeptide) with
which it is not normally associated, or is modified
such that it is in a form that is not normally
associated with a reference material. For example, a
polynucleotide encoding an enzyme is heterologous with
respect to a nucleotide sequence of a plant
chloroplast, as are the components of a recombinant
nucleic acid molecule comprising, for example, a first
nucleotide sequence operatively linked to a second
nucleotide sequence, as is a mutated polynucleotide
introduced into a chloroplast where the mutant
polynucleotide is not normally found in the
chloroplast. [0087] Plastid transformation is a method
for introducing a polynucleotide into a plant cell
chloroplast (see U.S. Pat. Nos. 5,451,513, 5,545,817,
and 5,545,818; WO 95/16783; McBride et al, Proc. Natl.
Acad. ScL, USA 91:7301-7305, 1994). In some
embodiments, chloroplast transformation involves
introducing regions of chloroplast DNA flanking a
desired nucleotide sequence, allowing for homologous
recombination of the exogenous DNA into the target
chloroplast genome. The description herein provides
that host cells may be transformed with vectors. One
of skill in the art will recognize that such
transformation includes transformation with circular
or linearized vectors, or linearized portions of a
vector. Thus, a host cell comprising a vector may
contain the entire vector in the cell (in either
circular or linear form), or may contain a linearized
portion of a vector of the present invention (e.g.,
constructs graphically depicted in Figures 3 and 16).
In some instances one to 1.5 kb flanking nucleotide
sequences of chloroplast genomic DNA may be used.
Using this method, point mutations in the chloroplast
16S rRNA and rpsl2 genes, which confer resistance to
spectinomycin and streptomycin, can be utilized as
selectable markers for transformation (Svab et al.,
Proc. Natl. Acad. Sci., USA 87:8526-8530, 1990), and
can result in stable homoplasmic transformants, at a
frequency of approximately one per 100 bombardments of
target leaves. [0088] Microprojectile mediated
transformation also can be used to introduce a
polynucleotide into a plant cell chloroplast (Klein et
al., Nature 327:70-73, 1987). This method utilizes
microprojectiles such as gold or tungsten, which are
coated with the desired polynucleotide by
precipitation with calcium chloride, spermidine or
polyethylene glycol. The microprojectile particles are
accelerated at high speed into a plant tissue using a
device such as the BIOLISTIC PD-1000 particle gun
(BioRad; Hercules Calif). Methods for the
transformation using biolistic methods are well known
in the art (see, e.g.; Christou, Trends in Plant
Science 1:423-43 1, 1996).Microprojectile mediated
transformation has been used, for example, to generate
a variety of transgenic plant species, including
cotton, tobacco, corn, hybrid poplar and papaya.
Important cereal crops such as wheat, oat, barley,
sorghum and rice also have been transformed using
microprojectile mediated delivery (Duan et al., Nature
Biotech. 14:494-498, 1996; Shimamoto, Curr. Opin.
Biotech. 5:158-162, 1994). The transformation of most
dicotyledonous plants is possible with the methods
described above. Transformation of monocotyledonous
plants also can be transformed using, for example,
biolistic methods as described above, protoplast
transformation, electroporation of partially
permeabilized cells, introduction of DNA using glass
fibers, the glass bead agitation method, and the like.
[0089] Transformation frequency may be increased by
replacement of recessive rRNA or r-protein antibiotic
resistance genes with a dominant selectable marker,
including, but not limited to the bacterial aadA gene
(Svab and Maliga, Proc. Natl. Acad. ScL, USA
90:913-917, 1993). Approximately 15 to 20 cell
division cycles following transformation are generally
required to reach a homoplastidic state. It is
apparent to one of skill in the art that a chloroplast
may contain multiple copies of its genome, and
therefore, the term "homoplasmic" or "homoplasmy"
refers to the state where all copies of a particular
locus of interest are substantially identical. Plastid
expression, in which genes are inserted by homologous
recombination into all of the several thousand copies
of the circular plastid genome present in each plant
cell, takes advantage of the enormous copy number
advantage over nuclear-expressed genes to permit
expression levels that can readily exceed 10% of the
total soluble plant protein. [0090] A method of the
invention can be performed by introducing a
recombinant nucleic acid molecule into a chloroplast,
wherein the recombinant nucleic acid molecule includes
a first polynucleotide, which encodes at least one
polypeptide (i.e., 1, 2, 3, 4, or more). In some
embodiments, a polypeptide is operatively linked to a
second, third, fourth, fifth, sixth, seventh, eighth,
ninth, tenth and/or subsequent polypeptide. For
example, several enzymes in a hydrocarbon production
pathway may be linked, either directly or indirectly,
such that products produced by one enzyme in the
pathway, once produced, are in close proximity to the
next enzyme in the pathway. [0091] For transformation
of chloroplasts, one major benefit of the present
invention is the utilization of a recombinant nucleic
acid construct which contains both a selectable marker
and one or more genes of interest. Typically,
transformation of chloroplasts is performed by
cotransformation of chloroplasts with two constructs:
one containing a selectable marker and a second
containing the gene(s) of interest. Screening of such
transformants is laborious and time consuming for
multiple reasons. First, the time required to grow
some transformed organisms islengthy. Second,
transformants must be screened both for presence of
the selectable marker and for the presence of the
gene(s) of interest. Typically, secondary screening
for the gene(s) of interest is performed by Southern
blot (see, e.g. PCT/US2007/072465). [0092] In
chloroplasts, regulation of gene expression generally
occurs after transcription, and often during
translation initiation. This regulation is dependent
upon the chloroplast translational apparatus, as well
as nuclear-encoded regulatory factors (see Barkan and
Goldschmidt-Clermont, Biochemie 82:559-572, 2000;
Zerges, Biochemie 82:583-601, 2000). The chloroplast
translational apparatus generally resembles that in
bacteria; chloroplasts contain 70S ribosomes; have
mRNAs that lack 5' caps and generally do not contain
3' poly-adenylated tails (Harris et al., Microbiol.
Rev. 58:700-754, 1994); and translation is inhibited
in chloroplasts and in bacteria by selective agents
such as chloramphenicol. [0093] Some methods of the
present invention take advantage of proper positioning
of a ribosome binding sequence (RBS) with respect to a
coding sequence. It has previously been noted that
such placement of an RBS results in robust translation
in plant chloroplasts (see U.S. Application
2004/0014174, incorporated herein by reference), and
that polypeptides that an advantage of expressing
polypeptides in chloroplasts is that the polypeptides
do not proceed through cellular compartments typically
traversed by polypeptides expressed from a nuclear
gene and, therefore, 



are not subject to certain post-translational
modifications such as glycosylation. As such, the
polypeptides and protein complexes produced by some
methods of the invention can be expected to be
produced without such post-translational modification.
[0094] The term "polynucleotide" or "nucleotide
sequence" or "nucleic acid molecule" is used broadly
herein to mean a sequence of two or more
deoxyribonucleotides or ribonucleotides that are
linked together by a phosphodiester bond. As such, the
terms include RNA and DNA, which can be a gene or a
portion thereof, a cDNA, a synthetic
polydeoxyribonucleic acid sequence, or the like, and
can be single stranded or double stranded, as well as
a DNA/RNA hybrid. Furthermore, the terms as used
herein include naturally occurring nucleic acid
molecules, which can be isolated from a cell, as well
as synthetic polynucleotides, which can be prepared,
for example, by methods of chemical synthesis or by
enzymatic methods such as by the polymerase chain
reaction (PCR). It should be recognized that the
different terms are used only for convenience of
discussion so as to distinguish, for example,
different components of a composition, except that the
term "synthetic polynucleotide" as used herein refers
to a polynucleotide that has been modified to reflect
chloroplast codon usage. [0095] In general, the
nucleotides comprising a polynucleotide are naturally
occurring deoxyribonucleotides, such as adenine,
cytosine, guanine or thymine linked to 2'-deoxyribose,
orribonucleotides such as adenine, cytosine, guanine
or uracil linked to ribose. Depending on the use,
however, a polynucleotide also can contain nucleotide
analogs, including non-naturally occurring synthetic
nucleotides or modified naturally occurring
nucleotides. Nucleotide analogs are well known in the
art and commercially available, as are polynucleotides
containing such nucleotide analogs (Lin et al, Nucl.
Acids Res. 22:5220-5234, 1994; Jellinek et al,
Biochemistry 34:1 1363- 11372, 1995; Pagratis et al.,
Nature Biotechnol. 15:68-73, 1997). Generally, a
phosphodiester bond links the nucleotides of a
polynucleotide of the present invention; however other
bonds, including a thiodiester bond, a
phosphorothioate bond, a peptide-like bond and any
other bond known in the art may be utilized to produce
synthetic polynucleotides (Tarn et al., Nucl. Acids
Res. 22:977-986, 1994; Ecker and Crooke, BioTechnology
13:351360, 1995). [0096] Any of the products described
herein can be prepared by transforming an organism to
cause the production and/or secretion by such organism
of the product. An organism is considered to be a
photosynthetic organism even if a transformation event
destroys or diminishes the photosynthetic capability
of the transformed organism (e.g., exogenous nucleic
acid is inserted into a gene encoding a protein
required for photosynthesis). [00971 Fusion Protein
Vectors . [00981 In some embodiments of the present
invention, a host NVPO nuclear or plastid genome will
be targeted for transformation with a construct
comprising a fusion protein. Any of the vectors or
linearized portions thereof described herein can be
modified for nuclear or plastid transformation by
incorporating appropriate signals (e.g., a host-cell
nuclear origin of replication or plastid origin of
replication) or appropriate flanking homology regions
(for homologous recombination with the target genome).
Some constructs of the present invention are
graphically represented in FIG. 14. The construct
shown in FIG. 14A comprises at least one regulatory
element ("Promoter / 5' UTR" and/or "3'UTR") and an
open reading frame (i.e., a fusion protein) comprising
at least two elements ("Selectable Marker" and
"Transgene"). In some instances, one or more of the
regulatory elements may be endogenous to the organism
to be transformed (e.g., the 5' and 3' regulatory
elements are the flanking homology sections directing
insertion of the construct into the target genome). In
this figure, the promoter is operably linked to the
open reading frame, thus driving expression of the
fusion protein. One potential advantage to using such
an approach is to prevent recombination events,
lowered expression or other effects which might lead
to deletion or lowered expression of the transgene
(i.e., an enzyme producing an isoprenoid).
Additionally, by creating a fusion protein comprising
a selectable marker and a transgene, insertion sites
may be conserved to create multiply-tranformed
strains. However, in some instances, a fusion protein
may comprise two or more transgenes (e.g., an FPP
synthase and a zingiberene synthase).[00991 Also shown
in FIG. 14A is the inclusion of an optional cleavage
moiety ("CM"), in-frame with the selectable marker and
the transgene. As described above, this cleavage
moiety, when present, may allow for cleavage of the
gene of interest from the selectable marker.
Typically, cleavage at the cleavage moiety will result
in two functional proteins (e.g., the selectable
marker and the transgene). Cleavage may result in a
portion of the cleavage moiety remaining on one, both
or neither of the flanking polypeptides. Cleavage may
occur after or during translation. Thus, in some
embodiments, a fusion protein consisting of the
selectable marker, the transgene and the intervening
cleavage moiety may be present in a host cell. In
other embodiments, the fusion protein is cleaved prior
to translation of the full-length fusion protein
transcript. [001001 Other modifications may be made to
a sequence encoding a fusion protein (or any of the
other proteins and classes of proteins described
herein). One example is a linker polypeptide. Such
polypeptides may provide spatial separation of the
proteins of interest, allow for proper folding of the
portions of a fusion protein, and/or result from
recombinant construction of the fusion protein. In
another example, a secretion signal may be fused
in-frame with one or more portions of the fusion
protein (e.g., the transgene, the selectable marker or
both). Typically, a secretion signal will be utilized
for fusion proteins targeted for expression in a
nuclear genome. In other instances, one or more tags
may be fused in-frame with one or more portions of the
fusion protein. For example, a nucleotide sequence
encoding a poly(His) tag may be ligated in-frame with
the sequence encoding the transgene and a nucleotide
sequence encoding a FLAG tag is ligated in-frame with
the sequence encoding the selectable marker. In still
other instances, a nucleic acid encoding a secretion
signal may be attached in-frame with a portion of the
fusion protein. In some instances, a secretion signal
will be attached to the transgene. As is apparent,
multiple combinations of selectable markers,
transgenes, cleavage moieties, signal sequences and/or
tags may be combined into a single open reading frame,
based on the need of a practitioner. Thus, the
simplified versions of the constructs shown in FIG. 14
are not meant to be limiting on the scope of the
constructs of the present invention. One of skill in
the art will also recognize that such combinations of
components may also be utilized in constructs which
are used to transform the chloroplast. [001011 FIG.
14B shows another approach to nuclear transformation
in which the transforming construct contains a
selectable marker and a transgene under control of
different regulatory elements. Although not indicated,
such constructs may contain cleavage moieties,
secretion signals, and/or tags as described
above.[00102] Nucleic acids, Proteins and Enzymes .
[00103] The vectors and other nucleic acids disclosed
herein can encode polypeptide(s) that 



promote the production of intermediates, products,
precursors, and derivatives of the products described
herein. For example, the vectors can encode
polypeptide(s) that promote the production of
intermediates, products, precursors, and derivatives
in the isoprenoid pathway. [00104] The enzymes
utilized in practicing the present invention may be
encoded by nucleotide sequences derived from any
organism, including bacteria, plants, fungi and
animals. In some instances, the enzymes are isoprenoid
producing enzymes. As used herein, an "isoprenoid
producing enzyme" is a naturally or non-naturally
occurring enzyme which produces or increases
production of an isoprenoid. In some instances, an
isoprenoid producing enzyme produces isoprenoids with
two phosphate groups (e.g., GPP synthase, FPP
synthase, DMAPP synthase). In other instances,
isoprenoid producing enzymes produce isoprenoids with
zero, one, three or more phosphates or may produce
isoprenoids with other functional groups. Non-limiting
examples of such enzymes and their sources are shown
in Table 1. Polynucleotides encoding enzymes and other
proteins useful in the present invention may be
isolated and/or synthesized by any means known in the
art, including, but not limited to cloning,
sub-cloning, and PCR. Table 1. Examples of Synthases
for Use in the Present Invention.[00105] The synthase
may also be botryococcene synthase, b-caryophyllene
synthase, germacrene A synthase, 8-epicedrol synthase,
valencene synthase, (+)-d-cadinene synthase,
germacrene C synthase, (E)-b-farnesene synthase,
casbene synthase, vetispiradiene synthase,
5-epiaristolochene synthase, aristolchene synthase,
a-humulene, (E,E)-a-farnesene synthase, (- )-b-pinene
synthase, g-terpinene synthase, limonene cyclase,
linalool synthase, (+)-bornyl diphosphate synthase,
levopimaradiene synthase, isopimaradiene synthase,
(E)-g-bisabolene synthase, copalyl pyrophosphate
synthase, kaurene synthase, longifolene synthase,
g-humulene synthase, d-selinene synthase, b-
phellandrene synthase, terpinolene synthase,
(+)-3-carene synthase, syn-copalyl diphosphate
synthase, a-terpineol synthase, syn-pimara-7,15-diene
synthase, entsandaaracopimaradiene synthase, sterner-
13 -ene synthase, E-b-ocimene, S-linalool synthase,
geraniol synthase, g-terpinene synthase, linalool
synthase, E-b-ocimene synthase, epi-cedrol synthase,
a-zingiberene synthase, guaiadiene synthase,
cascarilladiene synthase, cis-muuroladiene synthase,
aphidicolan-16b-ol synthase, elizabethatriene
synthase, sandalol synthase, patchoulol synthase,
zinzanol synthase, cedrol synthase, scareol synthase,
copalol synthase, or manool synthase. [00106] The
vectors of the present invention may be capable of
stable transformation of multiple photosynthetic
organisms, including, but not limited to,
photosynthetic bacteria (including cyanobacteria),
cyanophyta, prochlorophyta, rhodophyta, chlorophyta,
heterokontophyta, tribophyta, glaucophyta,
chlorarachniophytes, euglenophyta, euglenoids,
haptophyta, chrysophyta, cryptophyta, cryptomonads,
dinophyta, dinoflagellata, pyrmnesiophyta,
bacillariophyta, xanthophyta, eustigmatophyta,
raphidophyta, phaeophyta, and phytoplankton. Other
vectors of the present invention are capable of stable
transformation of C. reinhardtii, D. salina, H.
pluvalis, S. dimorphus, D. viridis, or D. tertiolecta.
[00107] A vector herein may encode polypeptide(s)
having a role in the mevalonate pathway, such as, for
example, thiolase, HMG-CoA synthase, HMG-CoA
reductase, mevalonate kinase, phosphemevalonate
kinase, and mevalonate-5 -pyrophosphate decarboxylase.
In other embodiments, the polypeptides are enzymes in
the non-mevalonate pathway, such as DOXP synthase,
DOXP reductase,
4-diphosphocytidyl-2-C-methyl-D-erythritol synthase,
Adiphophocytidyl- 2-C-methyl-D-erythritol kinase,
2-C-methyl-D-erythritol 2,4,-cyclodiphosphate
synthase, HMB-PP synthase, HMB-PP reductase, or DOXP
reductoisomerase. [00108] In other instances, a vector
may comprise a nucleotide sequence encoding a
polypeptide in an isoprenoid pathway, such as, for
example, a synthase-encoding sequence. The synthase
may be a ClO, C15, C20, C30, or C40 synthase. In some
embodiments, the synthase is limonene synthase, 1,8
cineole synthase, a-pinene synthase, camphene
synthase, (+)-sabinene synthase, myrcene synthase,
abietadiene synthase, taxadiene synthase, farnesyl
pyrophosphate synthase, amorphadiene synthase,
(E)-a-bisabolene synthase, diapophytoene synthase, or
diapophytoene desaturase. Non-limiting examples of
synthases and their amino acid sequences are shown in
Table 2.Table 2. Protein sequences of
synthasesDESCRIPTION NANOTUBE ENABLED, GATE-VOLTAGE
CONTROLLED LIGHT EMITTING DIODES CROSS-REFERENCE TO
RELATED APPLICATIONS The present application claims
the benefit of U.S. Provisional Application Serial No.
60/971,147, filed September 10, 2007, claims the
benefit of U.S. Provisional Application Serial No.
61/085,670, filed August 1, 2008, and is a
continuation-in-part of International Application No.
PCT/US2007/072501, filed on June 29, 2007, which
claims the benefit of U.S. Provisional Application No.
60/817,521, filed on June 29, 2006, all of which are
hereby incorporated by reference herein in their
entirety, including any figures, tables, or drawings.
BACKGROUND OF THE INVENTION Light-emitting transistors
combine the visible light emission properties of light
emitting diodes (LEDs) with the switching properties
of transistors. As driving elements, lateral- (e.g.,
field effect transistor (FET)) and vertical- (e.g.,
static induction transistor) type transistors have
been proposed. Lateral-type transistors using a
standard FET structure require a high drive voltage
due to factors such as a relatively long channel
length, low luminance efficiency, and small aperture
ratio. Vertical-type transistors using an organic
static induction transistor have relatively high
currents and high speeds with low operational
voltages, but the fabrication of a fine gate structure
has been conventionally required to achieve a high
on/off ratio. In conventional nanotube network based
field effect transistors, the nanotube network is
directly contacted on two sides by metallic source and
drain electrodes. To observe a significant gate
induced modulation of the current through the
nanotubes, between the source-drain electrodes, the
surface density of the conventional nanotube network
needs to lie very close to its percolation limit. This
is because the nanotubes of the networks of field
effect transistors are a mixture of semiconducting and
metallic nanotubes, while only the carrier density of
the semiconducting nanotubes are appreciably modulated
by the gate field. If the nanotube surface density
lies well above the percolation threshold, there are
numerous purely metallic nanotube current pathways
between the source and drain electrodes. This results
in substantial source-drain current even when the gate
field modulates thesemiconducting nanotubes to
minimize their conductance (the "off state). When the
gate field maximizes the semiconducting nanotube
conductance (the "on" state), the overall source-drain
conductance does increase. However, if the nanotube
surface density is well 



above the percolation threshold, the increase in the
"on" state current is only a fraction of the "off
state current. It is only when the nanotube surface
density is very near the percolation threshold and the
great majority of what would otherwise be purely
metallic nanotube current pathways are interrupted by
semiconducting nanotubes that the "on" state current
can be orders of magnitude greater than the "off state
current. Thin film transistors (TFTs) provide the
drive circuitry for present and emerging active matrix
displays including liquid-crystal and
organic-light-emitting display technologies. The
dominant active semiconductor in these devices is
amorphous silicon, however the promise of inexpensive,
solution based processing techniques, inkjet
patterning and construction on flexible plastic
substrates has focused much research over the past 20
years on organic semiconductors as replacements. There
now exist a broad range of small molecule organic and
polymeric compounds that have demonstrated
transconductance. Unfortunately, the electronic
mobilities of these compounds, which were initially
about 5-6 orders of magnitude too low to be
commercially useful, remain about an order of
magnitude too low. Such low mobility can be
compensated for by bringing the source and drain
electrodes closer together, reducing the semiconductor
channel length (CL in Fig. 7A), but that greatly
raises the cost of patterning the devices, removing
much of the motivation. A new TFT architecture was
disclosed in Ma et al, Appl. Phys. Lett. 2004, 85,
5084, to circumvent mobility limitations of present
organic semiconductors. The device relies on an ultra
thin (<20 nm) aluminum source electrode that required
careful partial oxidation. While the optimized device
exhibited ~6 orders of magnitude current modulation,
the low work function aluminum source electrode
required an n-type active channel, restricting that
device to the use of C o as the channel material. Li
et al., Appl. Phys. Lett. 2007, 91, 083507 disclosed
the use of the organic semiconductor pentacene; but
requires an additional 7 nm vanadium oxide layer atop
the partially oxidized aluminum source electrode. As
forming a partly oxidized, ultra thin aluminum source
electrode is difficult to produce commercially,
constrains the choice of the organic active layers,
and is susceptible to electromigration; hence,
limiting the device lifetime other modes of forming an
electrode that does not shield the gate field is
desired. Thus, there remains a need for a light
emitting transistor that is easy and efficient to
manufacture and can use a simplified electronics drive
scheme at lowoperational voltages, thereby requiring
less energy consumption and providing for a longer and
more reliable device lifetime. BRIEF SUMMARY
Embodiments of the invention relate to a light
emitting transistor that incorporates a gate electrode
for providing a gate field, a first electrode
comprising a dilute nanotube network for injecting
charges (holes or electrons), an a second electrode
for injecting a complementary charge (electrons or
holes, respectively), and an electroluminescent
semiconductor layer disposed intermediate the nanotube
network and the electron injecting layer. For example,
the hole injection can be modulated by the gate field.
The holes and electrons combine to form photons,
thereby causing the electroluminescent semiconductor
layer to emit visible light. Embodiments of the
invention allow facile modulation of the electronic
contactbarrier across the junction between single wall
carbon nanotubes (SWNTs) and two distinct organic
semiconductors. Specific embodiments relate to two
devices: a vertical field effect transistor and a
vertical light emitting transistor. The vertical
architecture, which is readily facilitated by the
specific properties of the nanotubes, allows the use
of low mobility semiconductors that would otherwise be
considered unsuitable for field effect transistors.
For the light emitting transistor, the gate control
permits new pixel drive schemes and increased device
lifetimes. BRIEF DESCRIPTION OF DRAWINGS Figure 1
shows an exemplary embodiment of a device of the
present disclosure. Figure 2 shows an atomic force
microscopy (AFM) image of an exemplary embodiment of a
dilute nanotube network on top of a silicon wafer,
with a scale of 1x1 micron. Figure 3 is an exemplary
embodiment of a device of the present disclosure
during an experiment in which the gate field is
provided by an ionic liquid and the semiconductor is
pdoped silicon. Figure 4 shows the modulation in ISD
with the same gate voltage applied to each nanotube
network-silicon interface for two different source
drain potentials of 0.1 and 0.3 volts.Figure 5 is a
partial cross sectional view of a second exemplary
embodiment of a device of the present disclosure.
Figure 6 shows the transfer curve for the device of
Figure 5. The figures may not be drawn to scale.
Moreover, where directional terms (such as above,
over, left, right, under, below, etc.) are used with
respect to the illustrations or in the discussion,
they are used for ease of comprehension only and not
as limitations. The elements of the devices may be
oriented otherwise, as readily appreciated by those
skilled in the art. Figure 7 shows standard prior art
TFT (7A) device and a VFET (7B) device, with a
specific device (7C) employing a nanotube network
according to an embodiment of the invention, where the
curved lines represent the percolating nanotube
network, along with the wiring diagram for the device.
Figure 7A shows that a short channel length, CL, in
the standard TFT requires tight patterning of the
source and drain electrodes, an issue circumvented in
the VFET. The current in the standard TFT scales with
the channel width Cw, while in the VFET this scales
with the overlap area between the source and drain
electrodes, CA Figure 8 shows transistor
characteristics of a hole only VFETs, where Figure 8A
shows source-drain current as a function of gate
voltage for both material systems. PF-9HK devices have
noticeably larger hysteresis than the NPD devices.
Arrows indicate the gate voltage sweep direction.
Figure 8B shows output curves for the PF-9HK VFET, and
Figure 8C shows NPD VFET at the gate voltage specified
adjacent each curve. Figure 9 shows the HOMO vs. the
horizontal position x at different gate voltages, V =
-IV, -10V, and -20V taken at the vertical position y =
lnm, where the interface between the gate oxide and
the polymer channel is defined as y = 0. The
equilibrium Fermi level in both 



the polymer channel and the nanotube contact is EF = 0
(horizontal dash-dot-dot line). Vertical arrows
indicate the barrier height fbp at each voltage. The
nanotube diameter is 5nm with its center located at x
= 0 and y =2.5nm. The inset shows the simulated
structure and the coordinates. Inside the nanotube
(\x\ < 2.5nm) the electron potential energy (the
symmetric point of the pz orbital bands) is plotted.
Figure 1OA shows luminance versus drain voltage at the
indicated gate voltages for the VOLET stack
illustrated in Figure 1OB.DETAILED DISCLOSURE
Embodiments of the invention are directed to light
emitting transistors that have a gating electric field
to control electronic transport between a first
electrode comprising a dilute nanotube network and an
electroluminescent semiconducting layer. The nanotube
network includes open spaces that allow for
penetration of the gate field into an
electroluminescent layer. The gate field controls the
current injection into the electroluminescent layer
and thereby the visible light output from the device.
Suitable applications of this technology include
lighting, displays and signs, for example. A gating
electric field is used to modulate the barrier to
electronic transport between a dilute nanotube network
and a semiconducting layer by controlling current
injection into the semiconducting layer. If the
semiconducting layer is an electroluminescent
material, the device becomes a gate-voltage controlled
light emitting diode (GLED), also termed a light
emitting transistor. Figure 1 shows a device according
to an exemplary embodiment of the invention. Such an
embodiment includes a transparent substrate layer 101.
Layer 102 is a transparent gate electrode topped by an
insulating, gate dielectric layer 103. The curved
lines drawn on top of the gate dielectric layer
represent the first electrode comprising a dilute
nanotube network 104. This is coated with the
electroluminescent material layer 105, followed by a
second electrode 106 and a protecting electrode layer
107, where, for example, in many embodiments of the
invention, the first electrode injects holes and the
second electrode injects electrons. It should be
understood that devices of alternate embodiments of
the invention comprise a first electrode to inject
electrons and the second electrode to inject holes. In
general, embodiments of the invention are described
herein for hole injecting first electrodes and
electron injecting second electrodes, although those
skilled in the art can envision devices with the
converse structure. In one embodiment, the nanotube
network 104 is made electrically positive with respect
to the electron injecting layer 106 and protecting
electrode layer 107. Holes injected from the nanotube
network 104 and electrons injected from the second
electrode 106 combine in the electroluminescent layer
105 to produce photons. The high aspect ratio (length
to diameter) of the nanotubes allows the network to be
electrically percolating (electrically
interconnected), but simultaneously dilute, thereby
possessing substantial open spaces between the
nanotubes. As used herein, a dilute nanotube network
is one that has sufficient open spaces to permit some
contact between the active layer, such as the
electroluminescent material layer 105 and the gate
dielectric layer 103. These open spacesadmit
penetration of the gate field into the
electroluminescent layer 105 without the full
electrostatic screening that would be caused by a
contiguous electrode in place of the nanotube network.
The gate field modulates the carrier density in the
electroluminescent material 105 in the vicinity of the
nanotubes, and on the nanotubes, thereby modifying the
barrier to hole transport between the two materials.
The gate field thus controls the hole injection into
the electroluminescent layer 105 and thereby controls
the light output from the device. Dilute nanotube
networks that are electrically percolating are readily
fabricated by the method described in U.S. Patent
Application Publication No. US 2004/0197546 (the '546
application), which teaches the fabrication of dilute
nanotube networks that are electrically percolating.
Figure 2 shows an atomic force microscopy (AFM) image
of an exemplary embodiment of a dilute nanotube
network 104 on top of a silicon wafer, including open
spaces between electrically interconnected nanotubes.
The fabrication method described in the '546
application permits fine control over the surface
density of the nanotubes making up the network 104 so
as to allow fine control of the fraction of open space
between the nanotubes. The nanotube surface density
that optimizes device operation depends on the
characteristics of the electroluminescent material and
is determined experimentally. Modulation of
hole-injection by the gate field of a contact barrier
at the nanotube semiconductor interface was
demonstrated as shown in Figure 3, which is an
exemplary device according to an embodiment of the
invention in which the gate field is provided by an
ionic liquid rather than a conductive electrode with a
gate dielectric layer, and where the semiconductor is
p-doped silicon. The device is symmetric about its
vertical midline so only one of each repeated element
is labeled. Layer 305 is a 600 nm insulating oxide
layer that has been etched away from the middle
portion of the p-doped silicon substrate layer 306.
Palladium electrodes 304, which are pre-deposited onto
the oxide layer, provide electrical contact to the
nanotube networks 301. The nanotube networks 301 are
draped across the contact electrode 304 and down onto
the bare silicon 306 to provide intimate contact
between the nanotubes 301 and the silicon 306.
Separate ionic liquid drops 302 saturate each nanotube
network 301. The nanotube network 301 on the left is
designated as the source and the network 301 on the
right is designated as the drain. The nanotube
networks 301 on each side are not physically connected
to each other; they are separated at their point of
closest approach by approximately 1 cm. A small
potential, VSD, i applied between the source and drain
networks (via the electrodes 304) and the current ISD
measured. The current path goes through the silicon
and therefore through the nanotube-silicon interface
on each side.Separate power supplies apply gate
potentials to each interface between nanotube network
301 and Si substrate 306 via the ionic liquid drops
302. These power supplies connect electrically on one
side to the nanotube networks 301 (via Pd electrode
304) and on the other side to a counter electrode 303
contacting only the ionic liquid 302. Figure 4 shows
the modulation in ISD with the same gate voltage
applied to each nanotube network-silicon interface for
two different source drain potentials of 0.1 and 0.3
volts. The gate voltages clearly modulate the
transport barriers across each interface. The
logarithmic current scale presents the magnitude of
the modulation. In the embodiment of Figure 3, the
nanotube networks are thicker than shown in Figure 2
and have a much larger surface density than shown in
Figure 2. Nevertheless, the porosity of the network
301 and the fluidity of the ionic liquid gate
electrode allow access to the nanotube network-silicon



interface on each side to enable the effect. The
current modulation described here and below should not
be confused with that seen in conventional nanotube
network based field effect transistors. The nanotube
networks of the present do not lie as close to the
percolation limit as conventional nanotube networks
for conventional nanotube network based field effect
transistors. For specific embodiments of the subject
invention, direct modulation of the nanotube network
conductance contributes only a small fraction to the
overall modulation produced. Another embodiment of the
invention has device geometry as that in Figure 5,
where the nanotube network has a surface density as
exemplified in Figure 2. Figure 5 illustrates a second
exemplary embodiment of a device of the present
invention. In this case, the dilute nanotube network
503 (represented by the curved lines) lies on top of a
200 nm thick, gatedielectric Siq c layer 502 on a
p-doped Si substrate 501 that acts as the gate
electrode. The active semiconductor layer 504 is a
electroluminescent polymer, which, in an exemplary
embodiment, is poly[(9,9-dioctylfl
uorenyl-2,7-diyl)-co-(9-hexyl-3,6-carbazole)]
(PF-9HK). The top contact is a platinum electrode
layer 505. This differs from the device of Figure 1 in
that the Fermi level of platinum lies much closer to
the highest occupied molecular orbital (HOMO) of the
polymer rather than its lowest unoccupied molecular
orbital (LUMO). Without electron injection into the
LUMO, the device is a so-called "hole only" device
(transport in the polymer is restricted to the HOMO)
and does not emit light, obviating the need for
transparency of the gate layer and substrate of Figure
1. This construction is useful for demonstrating the
efficacy of the gate in modulating the contact barrier
across the nanotube-polymer interface.Figure 6 shows
the transfer curve for the device of Figure 5. The
gate potential induces a two order of magnitude change
in the source-drain (nanotube-platinum electrode)
current. The large gate voltage needed to modulate the
source-drain current is due to the relatively thick,
200 nm Siq c gate dielectric layer. Many embodiments
of the invention include the use of a transparent
substrate and a transparent gate electrode. Use of an
electroluminescent semiconductor, and a low work
function cathode permits the device to function as a
gate-voltage modulated light emitting diode. Suitable
transparent substrates include glass and plastic
substrates, for example. Suitable transparent gate
electrodes include transparent conducting oxides such
as indium tin oxide or transparent nanotube films,
such as described in the '546 application, for
example. The electroluminescent semiconducting
material can be in the form of a polymer, an organic
molecule, or a conventional solid state semiconductor
such as GaN, for example. The work function of
atmosphere exposed and/or acid purified carbon
nanotubes places their Fermi level near -5 eV. Because
this energy lies closer to the hole band, or HOMO, of
most electroluminescent (EL) materials, embodiments of
the invention are readily prepared where the dilute
network is made from such nanotubes that provide hole
injection into those materials. The gate field in the
device of Figure 1 thus modulates the barrier to hole
injection between the nanotubes and the EL material.
In exemplary embodiments, particularly suitable EL
materials have hole bands or HOMO levels that lie near
the nanotube Fermi level. For states within 1-2 eV of
their intrinsic Fermi level, the nanotubes possess a
low density of electronic states. This means that the
nanotube Fermi level can be shifted by the electron
injection or withdrawal induced by local electric
fields due to the source-drain potential and by gating
electric fields. Consequently, for gate induced
modulation, exemplary embodiments of the device use EL
materials with hole bands or HOMO levels within 1 to 2
eV of -5 eV (having HOMO levels between about -3 eV
and about -7 eV). Another consideration for the
suitable electroluminescent material is that its
intrinsic carrier density not be particularly large.
In the case of a large intrinsic carrier density, the
width of the depletion layer that makes up the barrier
to hole transport between the nanotubes and the EL
material is thin, while a large density of carriers
causes the gate field to be screened from penetrating
with appreciable depth into the EL material. These
effects can make the gate modulation in the case of
high-carrier-density EL materials small. Moreover, the
nanotubes can cause electrostatic screening of the
gate field from the region of the EL material directly
above them (on their side nearest the top contact).
Such screening makes it difficult for the gate field
to turn off a current channel directly above
thenanotubes that is normally open. In a specific
embodiment, the current channel that is normally
closed via current pathways lying to the sides of the
nanotubes, where the gate field has access, can be
turned on. EL materials used in specific embodiments
possess a HOMO that lies below the Fermi level of the
nanotubes. Suitable example EL materials include a
vast number of molecular, polymeric and oligomeric
pi-conjugated organic materials that have been
synthesized to have HOMO energy levels that vary from
as high as -4.0 eV vs. vacuum for neutral poly(3,4-
ethylenedioxythiophene) (PEDOT), to as low as -6.7 eV
for poly(dicyanothiophene). In many instances, the pi
conjugated polymers are both photo- and
electro-luminescent as illustrated by the materials in
Table 1. Some embodiments of the invention incorporate
EL materials having a HOMO energy range of -5.1 eV to
-6.0 eV, which are considered relatively low lying
HOMO materials. In these embodiments, the polymers and
oligomers can be made relatively pure and air stable
and the intrinsic carrier concentration are low,
leading to low charge mobilities. Between -5.1 eV and
-6.0 eV, there are many accessible materials; subtle
changes in organic structure can allow the HOMO level
to be tuned. Table 1. HOMO values for a series of
representative conjugated polymers and oligomers
suitable for use in embodiments of the gate-voltage
controlled LED. Methoxy/EtHxOxy poly(phenylene
vinylene) (MEH-PPV) -5.1 eV to -5.4 eV Oxadiazole
pendant poly(phenylene vinylene) -5.3 eV
Oligo(9,9-di-n-octylfluorene-2,7-vinylene)s -5.3 to
-5.5 eV Poly(4-4'-diphenylene diphenyl vinylene)
(PDPV) -5.4 eV Poly(9,9-dialkylfluorenes) -5.6 to -5.7
eV Poly(bis acetylide thiophenes) with BTD or
quinoxaline -5.5 to -5.7 eV Diphenyloxadiazole pendant
polystyrenes -5.4 to -6.0 eV In addition to polymeric
materials, there are numerous small molecule organic
emitters, including metal chelates, distyrylbenzenes,
and fluorescent dyes, possessing characteristics
suitable for the device function in other embodiments
of the invention. Representative materials and their
HOMO levels are listed in Table 2. 



Table 2. HOMO values for a series of representative
small molecule organics suitable for use in
embodiments of the gate-voltage controlled LED. 5,6,1
1,12- Tetraphenylnaphthacene -5.4 eV
Bis(4',6'-Difluorophenylpyridinato) -
4,9-bis-[4-(2,2-diphenyl-vinyl)-phenyl]~naphtho[2,3-c]
[l,2,5]thiadiazole -5.8 eV
4,4'-Bis'2,2'-diphenylvinyl'-l ,l'-spirobiphenyl -5.9
eV Fac tris(2-phenylpyridine) iridium [Ir(ppy)3] doped
into a 4,4'-N,N'-dicarbazole-biphenyl -6.3 eV
Representative materials for the dielectric layer may
include a broad range of insulating ceramics, such as
SiOx, Al O3 Si3N4, Y2O , Ta2O5, PbTiOx, AlTiOx,
glasses, organic compounds such as Parylene polymers,
polystyrene, polyimide, polyvinylphenol,
polymethylmethacrylate, fluoropolymers and self
assembled monolayers and combinations thereof.
Representative materials for the gate electrode may
include metallically doped and un-doped transparent
conducting oxides such as ZnO, In O3, SnO2, CdO, doped
with metals such as Al, Sn, Y, Sc and Ga and any
combinations thereof. Representative materials may
also include metals such as, Al, Au, Ag, Pt, Pd, Cd,
Ni and Ta, as well as combinations thereof, as well as
doped semiconductors such as p or n doped Si, p or n
doped GaAs. The representative materials above are
representative materials for which the device can
function and are, by no means, all inclusive. Specific
embodiments of the invention, depending on the
specific EL material used, can incorporate an electron
transport layer between layers 105 and 106, and/or one
or more hole transport layers between layer 104 (the
nanotubes) and the EL layer 105. For embodiments
incorporating hole transport layers between layer 104
and the EL layer 105, the gate field modulates hole
injection into the the first hole transport layer
rather than into the EL layer. Advantages provided by
the gate modulated hole injection into the light
emitter devices include, but are not necessarily
limited to, improved lifetimes and simplified
electronic drive schemes. As high drive voltage bias
is detrimental to emission lifetime of LED devices due
to electromigration and heating phenomena, the
lowering of drive voltage bias due to gate field
enhancement of the hole injection can improve
lifetimes of embodiments of the subject devices of
embodiments of the invention. Furthermore, gate
voltage induced hole injection provides another degree
of electronic control over the device operation,
allowing simplification of the electronics for turning
pixels on and off for display device applications
according to embodiments of the invention. A TFT is a
field effect transistor (FET) in which a gate field
induces carriers in the active layer permitting
current to flow between the source and drain
electrodes. Figures 7A and 7B compare, in schematic
form, a conventional prior art TFT and the
architecture of aTFT in accordance with an embodiment
of the invention. In contrast to the conventional TFT
in which the source 701, active layer 702 and drain
703 are co-planar with respect to the dielectric 704
and gate 705, the architecture shown in Figure 7B
stacks the source 711, active layer 712 and drain 713
vertically relative to the gate dielectric 714 and
gate electrode 715, hence the designation as a
vertical field effect transistor (VFET). For the VFET
architecture a continuous metal source electrode would
completely screen the gate field from the active
layer, hence a necessary requirement for its operation
is that the source electrode be in some sense
perforated, making it porous to the gate field. The
source electrode 711 shown as a regular grid in Figure
7B is meant to convey this idea but should not be
taken literally. In an embodiment of the invention,
illustrated in Figure 7C, the gate-field-porous source
electrode 721 is a network of single wall carbon
nanotubes. Not shown is a contact pad along the
periphery of the device that connects the nanotube
source electrode to the power supply. The network can
be a dilute layer that is well above the percolation
threshold. Note that for the VFET the channel length
CL is simply the active layer 722 film thickness,
which can be made almost arbitrarily thin, without the
need for high resolution electrode patterning for an
equivalent drain 723, gate dielectric 724 and gate
electrode 725. Figures 8A and 8B show the transfer
(IDS VS. VG) and output (IDS VS. VDS) curves for
embodiments of the invention, illustrated in Figure
7C, using poly[(9,9-dioctyl-fluorenyl-2,7-
diyl)-alt-co-(9-hexyl-3,6-carbazole)] (PF-9HK) as the
active semiconductor layer and gold as the drain
electrode. Also shown in Figure 8A is the transfer
curve (output curve in Figure 8C) for
N,N'-di(l-naphthyl)-N,N'-diphenyl-l,r-diphenyl-l,4'-di
amine) (NPD) used as the active semiconductor layer.
The gate voltage sweep modulates the current in both
channel layers by two orders of magnitude. The large
subthreshold slope is a consequence of the relatively
thick SiO2 gate dielectric used. In order to avoid
gate leakage, a thicker dielectric layer can be used,
avoiding complications regarding the device function.
The device characteristics can be improved as the
dielectric is made thinner. In contrast to standard
FETs, where the oncurrent scales with the channel
width (a linear dimension), current in the subject
VFET scales with the overlap area between source and
drain electrodes (a linear dimension squared). The
on-current can also scale with the density of
nanotubes in the source electrode (up to a limiting
density at which the gate field begins to be screened
by the nanotubes themselves). Evident in the transfer
curves in Figure 8A is a large hysteresis, likely
caused by charge traps in the active layers employed.
The hysteresis is substantially smaller for the NPD
device over the PF-9HK based device, indicating that
the hysteresis can be reduced by modification of the
active layer.In a standard organic TFT the Fermi
levels of the source and drain electrodes are selected
to be closely aligned with either the highest occupied
molecular orbital (HOMO) or the lowest unoccupied
molecular orbital (LUMO) of the active layer material,
leading to a hole carrier (p-type) or an electron
carrier (n-type) device, respectively. For some
nominal source-drain voltage the gate field modulates
the carrier density in a thin region at the
activelayer/ dielectric interface, thus modulating the
current that flows between the source and drain. In
contrast, for embodiments of the invention, the VFET
operates differently, as indicated experimentally and
by theoretical modeling. While modulation of the
carrier density throughout the bulk of the active
layer is indicated by simulation to be possible in the
VFET geometry for very thin active layers, the
resulting current modulation is a steep function of
the active layer thickness because carriers generated
nearest the gate electrode screen the gate field from
deeper regions of the active layer. For active layer
thicknesses >100 nm such screening would result in
only a small response of the source-drain current to 



the gate field. However, large modulation is observed
for > 100 nm active layers with only weak dependence
of the gate-field lever arm on the active layer
thickness. Hence, the gate induces modulation of the
contact barrier between the nanotubes and the active
layer. Gated nanotube networks are known to
demonstrate transconductance, however, achieving
appreciable current modulation across nanotube
networks requires the nanotube surface density be very
near the percolation limit such that the threshold
percolation pathways bridge across semiconducting
nanotubes (i.e., the metallic nanotubes, considered
alone, must lie below the percolation threshold).
When, as in many embodiments of the invention, the
metallic tubes, which are typically about 1/3 of the
nanotubes in the network, are above the percolation
limit, the turn on of the semiconducting nanotubes can
only account for about 67 percent of the modulation
observed. Hence, the devices function as a p-type,
Schottky barrier FETs in which current modulation is
due to a gate field induced modulation of the contact
barrier at the nanotube/active layer interface.
Modeling of the injection barrier and the effect of
gate field on it indicates this is the case. A
two-dimensional Poisson equation was solved
self-consistently with the equilibrium carrier
statistics of the polymer channel and the nanotube
contact for a structure as shown in the inset of
Figure 9. In order to simplify the modeling and
capture the essential physics, the following
conditions were considered: (i) The nanotube network
is sparse so that an individual nanotube is studied
for electrostatics in each region (ii) A 2D
cross-section in a vertical plane perpendicular to a
nanotube long axis is simulated (iii) The nanotube is
an individual single-walled metallic tube. A
semiconducting nanotube or a small bundle has
adifferent density of states but does not change the
qualitative results. Figure 9 shows the band bending
at the nanotube/active layer interface as a function
of the gate field, displaying the barrier modulation.
In embodiments of the invention, the intrinsic low
density of states (DOS) for the nanotubes provides one
or more advantageous features. In contrast to metals,
which possess a high DOS, the Fermi level of the low
DOS nanotubes can undergo an appreciable shift in
response to the gate field. Hence in addition to the
thinning of the contact barrier due to the gate
induced band bending, the barrier height (fbP) is also
lowered. Literature descriptions of contact barrier
modulation at metallic Schottky contacts are often
casually, and incorrectly, labeled as barrier height
modulation when what is really meant is barrier width
modulation due to band bending. The high DOS of metals
does not permit the Fermi level shift necessary for a
change in the barrier height. For reference to the
phenomena, a true barrier height modulation can be
appreciated from the electrochemically induced barrier
height modulation in an air sensitive,
polymer/inorganic (poly(pyrrole)/n-indium phosphide)
contact barrier disclosed in Lonergan Science 1997,
278, 2103, although this polymer/inorganic system is
not metallic. Unlike the system of Lonergan, the
nanotubes employed in the present invention are a true
metallic system. Surprisingly the nanotube network
based systems in embodiments of the invention exhibit
this novel Schottky contact barrier modulation in a
metallic air stable material. The SWNT networks
described herein, which posses this low DOS can, in
other embodiments of the invention, be substituted by
a single graphene film, semiconducting nanowires, or
conducting nanowires, where, for example the nanowires
can be silicon. For the VFET according to embodiments
of the present invention, the semiconductor layer can
be selected from the group consisting of: (1) at least
one kind of linearly condensed polycyclic aromatic
compound (acene compound) selected from the group
consisting of naphthalene, anthracene, tetracene,
pentacene, hexacene, and derivatives thereof; (2) at
least one kind of pigment selected from the group
consisting of copper-phthalocyanine (CuPc)- based
compounds, azo compounds, perylene-based compounds,
and derivatives thereof; (3) at least one kind of
low-molecular compound selected from the group
consisting of hydrazone compounds, triphenyl
methane-based compounds, diphenyhnethane-based
compounds, stilbene-based compounds, arylvinyl
compounds, pyrazoline-based compounds, triphenyl amine
deriviative (TPD), arylamine compounds, low-molecular
weight arylamine derivatives (a.-NPD),
2,2',7,7'-tetrakis(diphenylamino)-9,9'-spirobifluorene
(Spiro-TAD),
N,N'-di(l-naphthyl)-N,N'-diphenyl-4,4'-diamonobiphenyl
(Spiro-NPB),4,4'4"-tris[N-3-methylphenyl-N-phenylamino
]- triphenylamine (mMTDATA), 2,2',7,7'-
tetrakis(2,2-diphenylivinyl)-9,9-spirobifluorence
(Spiro-DPVBi), 4,4'-bis(2,2- diphenylvinyl)biphenyl
(DPVBi), (8-quininolinolato)aluminum (AIq), tris(8-
quinolinolato)aluminum (AIq3),
tris(4-methyl-8quinolinolato)aluminum (AInIq ), and
derivatives thereof; and (4) at least one kind of
polymer compound selected from the group consisting of
poly(p-phenylenevinylene) (PPV), polymers containing
biphenyl groups, polymers having dialkoxy groups,
alkoxyphenyl-PPV, phenyl-PPV, phenyl/dialkoxy-PPV
copolymer, poly(2-methoxy-5-(2 '-ethylhexyloxy)-
1,4-phenylenevinylene) (MEH-PPV),
poly(ethylenedioxythiophene) (PEDOT),
poly(styrenesulfonic acid) (PSS), poly(aniline)
(PANI), poly(N-vinylcarbazole), halogenated
poly(N~vinylcarbazole), poly(vinylpyrene),
poly(vinylanthracene), poly(alkylfluorenes),
pyrene-folmaldehyde resin, ethylcarbazolefolmaldehyde
resin, and modifications thereof. The gate induced
band bending and barrier height modulation of
nanotubes employed in embodiments of the invention is
shown in Figure 9, as simulated for a distance of 1 nm
from the gate dielectric surface. The degree to which
the effects occur depends on the distance from the
gate. Self screening by the nanotubes reduces the gate
lever arm in going from the bottom side of a nanotube,
nearest the dielectric layer, to its top side. This
has the implication that individual nanotubes are
preferred over nanotube bundles since the top
nanotubes in a bundle are screened from the gate field
by underlying nanotubes and participate substantially
less in the modulation. Nanotube networks in
accordance with embodiments of the invention are
formed by a filtration/transfer method described in Wu
et al, Science 2004, 305, 1273, using pulsed laser
vaporization grown nanotubes. All high yield nanotube
synthesis methods produce bundles of varying diameter
and while ultrasoni cation in surfactants provides a
measure of bundle disassembly. AFM imaging and height
analysis statistics shows these networks to be
comprised of a bundle distribution ranging in
diameters from 1 to 9 nm with a peak centered at ~ 5
nm. In embodiments of the invention, useful active
layer materials have a HOMO that lays within reach of
the nanotube Fermi level for rationally applicable
gate fields. If the active layer HOMO lies above the
nanotube Fermi level, the gate field must generate a
barrier at the 



accumulation layer (anti -barrier) for holes, while if
the active layer HOMO lies below the nanotube Fermi
level the gate must reduce the pre-existing barrier.
Bundled nanotubes in the network can impose more
severe constraints on the active layer materials that
will yield useful transconductance. For active layers
possessing a normally on (anti-barrier) band line up,
the top nanotubes in a bundle screened from the gate,
can not switch their barriers off.Because the screened
nanotubes permit current flow independent of the gate
field, such normally on devices can not be turned off
effectively, greatly reducing the on/off ratio. For
active layers possessing a normally off band line-up,
the current is switched on by the nanotubes near the
bottom of the bundles. Although the top nanotubes in
the bundles participate little in the switching, they
do not degrade the on/off current ratio. These
inferences are supported by the large on-off ratios
observed for PF-9HK and NPD (HOMOs ~5.6 eV and -5.5
eV, respectively, versus acid purified p-doped SWNT,
(work function ~ 4.9 eV) in contrast to a poor on/off
ratio that is observed with regio-regular poly(3~
hexylthiophene) (HOMO ~ 5.0 eV) used as active layer.
In embodiments of the invention, individual
(unbundled) nanotubes in the source layer can extend
the range of active layers that can be used to
materials having workfunctions ranging from 4 to 6 eV,
which includes most electroactive polymers and
inorganic active layers. Single layer graphene can be
used in this application instead of the nanotubes,
where the single layer graphene can be a continuous
layer. The graphene layer is so thin that the change
in the graphene Fermi level induced by the gate field
causes the barrier height with the active layers to
change. Metals are susceptible to bond formation with
active layers that possess a covalent character. Such
covalent bonds are implicated in a frequently observed
insensitivity of the barrier height formed to the work
function difference between the metal and
semiconductor (Fermi level pinning). Pristine
nanotubes, by virtue of their highly passivated
graphene-like surface, do not readily form covalent
bonds and leaves the barrier height predisposed to
gate modulation. With respect to defects on the
sidewalls of nanotubes, measures can be taken to
minimize or heal defects. In embodiments of the
invention, an additional advantage afforded by the
nanotubes are that the strength with which carbon
atoms are held within the nanotube sidewall lattice is
such that nanotubes are impervious to
electromigration, which differs from this lifetime
limiting process observed in most metal contact based
electronic and electrooptic devices. Furthermore, the
quasi- ID geometry of a nanotube contact results in a
favorable junction electrostatics. The electric field
at the surface of the nanotube is significantly
enhanced due to its nanometer-scale radius that
further reduces the barrier thickness to facilitate
carrier injection from the nanotube contact into the
active channel. PF-9HK, initially selected for its low
lying HOMO, is also an electroluminescent polymer. A
modification of the top contact to an electron
injecting, small work function metal can create a
gated, organic light emitting diode (OLED), where, for
example, electrons injected from the top contact and
holes from the nanotubes recombine across the
polymerbandgap to produce light. Such embodiments of
the invention allow control of the emitted light
intensity by the applied gate voltage, which
constitutes a vertical organic light emitting
transistor (VOLET). To demonstrate the generality of
the design, Figure 10 shows gated light emission in a
different system illustrated in Figure 1OB where: Tris
(8-hydroxyquinoline) aluminum (AIq ) as the
photoactive layer 901, NPD as the hole transport layer
902 and PF- 9HK as the gated hole injecting layer 903.
For the device of Figure 10, to permit light
extraction, the gate electrode 904 is ITO on a
transparent substrate 905 with a 160 nm, atomic layer
deposited, aluminum-titanium oxide (ATO) gate
dielectric 906, on which the nanotube network 907 is
situated. For devices according to embodiments of the
invention in which the NPD layer 902 directly
contacted the nanotubes 907, light is initially
emitted but displays a quickly decaying luminance in
spite of a long term stable operation of the hole only
VFETs using NPD 902 in direct contact with the
nanotubes 907. In an embodiment of the invention, this
lifetime issue is resolved by addition of a PF-9HK as
a layer 902 that contacts the nanotubes 907. In
various embodiments, intermediate layers can be used
to enhance the ability to modulate the barrier. The
device shown in Figure 1OB was fabricated as a hybrid
polymer/small molecule device. The 200 nm PF-9HK layer
903 was spun onto the nanotubes 907 from toluene, and
NPD 902 (100 nm), AIq3 903 (50 nm), LiF 908 ( 1 nm)
and Al 909(100 nm) layers were all thermally
evaporated. A device was fabricated with a pixel of
2x2 mm2. In this exemplary embodiment, because of the
thinness of the nanotube source layer, at a drain
voltage of -30 V, little gate modulation occurred,
possible because the large sourcedrain voltage
overcomes the major fraction of the barrier, luminance
is 540 Cd-m 2 , at a current of 17.3 mA-cm 2 , which
is a current efficiency of 3.1 Cd-A 1 and is a value
comparable to typical ITO anode, NPD/Alq 3 based
devices. Bright spots in the pixel zoom were observed
for the fabricated device that were likely due to
particulates that underlie the nanotube network
resulting in a local thinning of the source-drain
channel length. This is observation was consistent
with the principal failure mode of the devices being
direct electrical shorts between the source-drain
electrodes as the electroactive layers thinned. All
patents, patent applications, provisional
applications, and publications referred to or cited
herein are incorporated by reference in their
entirety, including all figures and tables, to the
extent they are not inconsistent with the explicit
teachings of this specification. It should be
understood that the examples and embodiments described
herein are for illustrative purposes only and that
various modifications or changes in light thereof will
be suggested to persons skilled in the art and are to
be included within the spirit and purview of this
application.CLAIMS 1. A light emitting transistor,
comprising: a gate electrode for providing a gate
field; a first electrode, wherein the first electrode
comprises a dilute nanotube network; a dielectric
layer interposed between the gate electrode and the
first electrode, a second electrode for injecting a
complementary charge to that injected by the first
electrode; and an electroluminescent semiconductor
layer disposed intermediate the first and second
electrodes, wherein the complementary charges combine
to produce photonsand wherein charge injection between
the first electrode and the electroluminescent
semiconductor layer is modulated by the gate field. 



2. The light emitting transistor of claim 1, wherein
the nanotube network comprises carbon. 3. The light
emitting transistor of claim 1, wherein the nanotube
network comprises single walled carbon nanotubes. 4.
The light emitting transistor of claim 1, wherein the
first electrode inject holes and the second electrode
injects electrons. 5. The light emitting transistor of
claim 1, wherein the gate electrode is transparent. 6.
The light emitting transistor of claim 3, wherein the
gate electrode comprises an electrically conducting
oxide. 7. The light emitting transistor of claim 4,
wherein the gate electrode comprises indium tin
oxide.8. The light emitting transistor of claim 1,
further comprising a transparent substrate layer
disposed adjacent the gate electrode. 9. The light
emitting transistor of claim 1, further comprising a
protecting electrode layer disposed adjacent the
second electrode. 10. The light emitting transistor of
claim 1, wherein both the first and second electrodes
comprise nanotube networks, each being connected to a
separate power supply. 11. The light emitting
transistor of claim 1, wherein the electroluminescent
semiconductor layer possesses a HOMO level between
about -3 eV and about -7 eV. 12. The light emitting
transistor of claim 1, wherein the nanotube network
comprises bundled or multiwalled nanotubes and wherein
the electroluminescent semiconductor layer possesses a
HOMO level less than a Fermi level of the nanotube
network. 13. The light emitting transistor of claim 1,
wherein the electroluminescent semiconductor layer
comprises methoxy/EtHxOxy poly(phenylene vinylene)
(MEH-PPV), oxadiazole pendant poly(phenylene
vinylene), oligo(9,9-di-n-octylfluorene-2,7-vinylene),
poly(4-4'-diphenylene diphenylvinylene) (PDPV),
poly(9,9-dialkylfluorenes), poly(bis acetylide
thiophenes) with BTD or quinoxaline,
diphenyloxadiazole pendant polystyrene, 5,6,1 1,12-
tetraphenylnaphthacene,
bis(4',6'-Difluorophenylpyridinato)-4,9-bis-[4-(2,2-
diphenyl-vinyl)-phenyl]-naphtho[2,3-c][l,2,5]thiadiazo
le, 4,4'-Bis'2,2'-diphenylvinyr-l ,1'- spirobiphenyl,
or fac tris(2-phenylpyridine) iridium [Ir(ppy)3] doped
into a 4,4'-N,N'- dicarbazole-biphenyl. 14. The light
emitting transistor of claim 1, wherein the second
electrode comprises a nanotube network, a metal film,
a semiconducting film or a semiconducting nanowire
film. 15. The light emitting transistor of claim 1,
wherein one or more hole transport layers are disposed
between the nanotube network and the
electroluminescent layer.16. The light emitting
transistor of claim 1, wherein the first electrode
comprises a continuous, or patterned single layer of
graphene. 17. The light emitting transistor of claim
1, wherein the first electrode comprises a continuous
or patterned low carrier density and low density of
electronic states material, wherein the first
electrode does not completely screen the gate field
from the electroluminescent semiconductor layer. 18. A
vertical field effect transistor (VFET), comprising: a
gate electrode for providing a gate field; a first
electrode, wherein the first electrode comprises a
conductive material having a low carrier density and a
low density of electronic states; a dielectric layer
interposed between the gate electrode and the first
electrode; a second electrode; and a semiconductor
layer disposed intermediate the first and second
electrodes, wherein contact barrier modulation
comprises barrier height (fbP) lowering of a Schottky
contact between the first electrode and the
semiconductor by a Fermi level shift. 19. The VFET of
claim 18, wherein the first electrode comprises a
dilute nanotube network. 20. The VFET of claim 19,
wherein the dilute nanotube network comprises single
walled carbon nanotubes wherein a metallic portion of
the nanotubes is of sufficient quantity to be in
excess of an electrical percolation threshold. 21. The
VFET of claim 18, wherein the first electrode
comprises a single layer of graphene, conducting
nanowire network, or semiconducting nanowire network.
22. The VFET of claim 18, wherein the second electrode
comprises a nanotube network, a metal film, a
semiconducting film a conducting nanowire network, or
a semiconducting nanowire film. 23. The VFET of claim
18, wherein the semiconductor layer selected from the
group consisting of: (1) at least one kind of linearly
condensed polycyclic aromatic compound(acene compound)
selected from the group consisting of naphthalene,
anthracene, tetracene, pentacene, hexacene, and
derivatives thereof; (2) at least one kind of pigment
selected from the group consisting of
copper-phthalocyanine (CuPc)-based compounds, azo
compounds, perylene-based compounds, and derivatives
thereof; (3) at least one kind of lowmolecular
compound selected from the group consisting of
hydrazone compounds, triphenyl methane-based
compounds, diphenylmethane-based compounds,
stilbene-based compounds, arylvinyl compounds,
pyrazoline-based compounds, triphenyl amine
deriviative (TPD), arylamine compounds, low-molecular
weight arylamine derivatives (a.-NPD), 2,2',7,7'-
tetrakis(diphenylamino)-9,9'-spirobifluorene
(Spiro-TAD), N,N'-di(l-naphthyl)-N,N'-
diphenyl-4,4'-diamonobiphenyl
(Spiro-NPB),4,4'4"-tris[N-3-methylphenyl-N-phenylamino
]- triphenylamine (mMTDATA),
2,2',7,7'-tetrakis(2,2-diphenylivinyl)-9,9-spirobifluo
rence (Spiro-DPVBi),
4,4'-bis(2,2-diphenylvinyl)biphenyl (DPVBi),
(8-quininolinolato)aluminum (AIq),
tris(8-quinolinolato)aluminum (AIq3),
tris(4-methyl-8quinolinolato)aluminum (Almq3), and
derivatives thereof; and (4) at least one kind of
polymer compound selected from the group consisting of
poly(p-phenylenevinylene) (PPV), polymers containing
biphenyl groups, polymers having dialkoxy groups,
alkoxyphenyl-PPV, phenyl-PPV, phenyl/dialkoxy-PPV
copolymer, poly(2-methoxy-5-(2 ' -ethylhexyloxy)- 1,4-
phenylenevinylene) (MEH-PPV),
poly(ethylenedioxythiophene) (PEDOT),
poly(styrenesulfonic acid) (PSS), poly(aniline)
(PANI), poly(N-vinylcarbazole), halogenated
poly(N-vinylcarbazole), poly(vinylpyrene),
poly(vinylanthracene), pyrene-folmaldehyde resin,
ethylcarbazole-folmaldehyde resin, and modifications
thereof. 


