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UV: ultraviolet

Tobacco isthe most commonly used plant for expression
of transgenes from a variety of organisms, because it is
easily grown and transformed, it provides abundant
amounts of fresh tissue and has a well-established cell
culture system. Many bacterial proteins involved in the
synthesis of commercial products are currently
engineered for production in tobacco. Bacterial enzymes
synthesized in tobacco can enhance protection against
abiotic stresses and diseases, and provide a system to
test applied strategies such as phytoremediation.
Examples of bacterial gene expression in tobacco
include production of antigen proteins from several
human bacterial pathogens as vaccines, bacterial
proteins for enhancing resistance against insects,
pathogens and herbicides, and bacterial enzymesfor the
production of polymers, sugars, and bioethanol. Further
improvementsin the expression of recombinant proteins
and their recovery from tobacco will enhance
production and commercial use of these proteins. This
review highlights the dynamic use of tobacco in
bacterial protein production by examining the most
relevant research in thisfield.

constant threat of invasion by pathogens, plantsdved
over time different mechanisms to protect themselFer a
plant to establish a successful self-defense respagainst
pathogens, specific plant receptors need to prgmptl
recognize the pathogenic elicitor molecules. Maagtérial
genes involved in pathogenicity have been idemntiad
expressed in transgenic tobacco plants. The gaitigtic
transformed plants carrying these genes showed
spontaneous activation of different defense medchasi
leaving the plant in a heightened state of defefi$ses
‘defense mode’ greatly enhances the plant's ability
quickly react to a pathogen invasion and more ssfaély
overcome the infection. Among the many economically
relevant pathogens afflicting different crops today
Pseudomonas syringae, Phytophthora parasitica, Oidium
lycopersicon, andErwinia carotovora are some of the most
devastating pests in agriculture. We will discusdew
genetic engineering strategies that use bacterzlesy
expressed in tobacco to overcome these pathogens.

Pseudomonas syringae

Pseudomonas syringae pv. phaseolicola is a seed-borne
bacterial pathogen that causes the halo blightadeseof

Tobacco is widely used as a model plant system i@ommon beans Phaseolus wulgaris). This pathogen
transgemp re?learcc:jh ftor dse}[/eral reasons: its lm'a'l;‘cu produces a phytotoxin, phaseolotoxin, which causes
genetics is well understood, its genomic mappinalrisos 7 . .

: ; . chlorosis in plant tissues. The active component of
complete, genetic transformation can be readilyieae, L o : .
tobacco plants survive welh vitro and under greenhouse Phaseolotoxin is octicidine, which strongly binds the
conditions, and tobacco produces large amounts ¢nzyme ornithine carbamoyltransferase (OCT), arcetly

biomass. Tobacco is also regarded as one of the bashibiting it irreversibly. OCT is a critical enzyemin the
systems for chloroplast transformation, which farth

enhances the effectiveness of tobacco for the esjone of
recombinant proteins. Tobacco plants can be uséging
factories to produce proteins and enzymes, which o
extracted, purified, and used for the manufacturofg
pharmaceuticals and other valuable industrial campes

urea cycle that converts ornithine and carbamogisphate
to citrulline. Inhibition of OCT in plants causes a
accumulation of ornithine and a deficiency in aigm
leading to chlorosis and eventual death of theuéiss
Virulent strains ofP. syringae pv. phaseolicola are immune

to their own phytotoxin since they possess twoedéht
sets of OCT genes, one of which encodes a phasgilet

such as biopolymers. Transgenic tobacco plantsas®
ideal model organisms for the study of basic bimal

functions, such as plant-pathogen interactionsiesistant (ROCT)  ornithine  carbamoyltransferase
ggxggg&%@tal responses, growth  regulation,  andy\osqueda et al. 1990). B syringae pv. phaseolicola, the

argF and argK genes code for phaseolotoxin-sensitive
(SOCT) and ROCT enzymes, respectively. ROCT is
orthologous to other SOCT, but it has changes tp ke
conserved amino acids around the carbamoyl phosphat
and the ornithine binding sites. The changes insghe
binding sites decreased the binding affinity ofi@dine to
ROCT, resulting in a phytotoxin-resistant enzyme
(Templeton et al. 2005).

Tobacco is the most commonly used plant for exprassf

transgenes from a variety of organisms. Among tla&ym
genes from different organisms expressed in tobptads,

genes of bacterial origin are most common. Thiserev
summarizes the most relevant studies using baktgiees
to genetically engineer tobacco for a variety ofpmses,
including studies on resistance to pathogens, issend
herbicides; tolerance to abiotic stresses; phytediation; ) .
production of vaccines; and plant molecular farn(figble  Hatziloukas and Panopoulos (1992) ugegtobacterium-
1). mediated transformation to produce tobacco plaatsy/ing

the argK gene, which encodes ROCT. Since in plant cells
OCT is produced in the chloroplaatgK was fused to the
chloroplast transit sequence of the pea rubiscollsma
subunit ¢(bcS gene for localized expression of the enzyme.
The ROCT enzyme produced by the transgenic tobacco

PATHOGEN RESISTANCE

One of the most serious problems in agriculturthésloss
of productivity caused by plant pathogens. To owjte the
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Table 1. Recombinant bacterial proteins expressed in transgenic tobacco.

Bacterium Gene Expressed protein Function Reference
Pseudomonas syringae | argk ROCT ornithine Reslstance to Pseudpmonas Hatziloukas and Panopoulos
carbamoyltransferase syringae pv. phaseolicola (1992)
Halobacterium halobium | bO Bacterio-opsin (BO) Resistance to Pseudomonas | o, g\ and Mittler (2001)
syringae pv. tabaci
Ralstonia solanacearum | popA PopA Re5|sFa_1nce to Phytqphthora Belbahri et al. (2001)
parasitica var. nicotianae
Escherichia coli entC Isochorismate isomerase Salicylic acid production Verberne et al. (2000)
pseudomonas pmsB Pyruvate lyase Salicylic acid production Verberne et al. (2000)
fluorescence
- - - i Resi
Erwinia carotovora expl N-oxoacyl-homoserine lactone es_ls_tance 0 Mae et al. (2001)
(OHL) Erwinia carotovora
. . ) Resistance to
Bacillus sp. 240B1 aiiA Acyl-homoserine lactonase . Dong et al. (2001)
Erwinia carotovora
Bacillus thuringiensis cry2Aa Crystal protein (Cry2Aa2) Insect resistance Kota et al. (1999)
Actinomyces A19249 choM ChoM gtrej;s;ance to boll weevil Corbin et al. (2001)
Agrobac_terlum ipt Cytokinin isopentenyl transferase Resistance to tobacco Smigocki et al. (1993)
tumefaciens hornworm
Etreptomyges bar PPT acetyltransferase Bialaphos tolerance Lutz et al. (2001)
ygroscopicus
Escherichia coli aroA-M1 EPSPS Glyphosate tolerance Wang et al. (2003)
Arthrobacter oxydans pcd PMPH Phenmedipham tolerance Streber et al. (1994)
Ralstonia eutrophus tfdA 2,4-D monooxygenase 2,4-D tolerance Lyon et al. (1989)
Ochrobactrum anthropi parA Paraquat resistant protein (PqrA) | Paraquat tolerance Jo et al. (2004)
Escherichia coli betA CDH Enhance salt tolerance Holmstrém et al. (2000)
Escherichia coli betB BADH Enhance salt tolerance Holmstrém et al. (2000)
Arthrobacter pascens cox Choline oxidase Enhance salt tolerance Huang et al. (2000)
Erwinia uredovora crtz b-carotene hydroxylase Enhance UV tolerance Gotz et al. (2002)
Synechococcus vulcanus | desC Acyl-lipid desaturase Enhance cold tolerance Orlova et al. (2003)
Escherichia coli merA Mercuric ion reductase Mercury degradation He et al. (2001)
Enterobacter cloacae nsfl NR TNT degradation Hannink et al. (2001)
Enterobacter cloacae onr PETN TNT degradation French et al. (1999)
Bacillus anthracis pag PA protein Anthrax vaccine Watson et al. (2004)
Clostridium tetani tetC Tetanus toxin protein C subunit Tetanus vaccine Tregoning et al. (2003)
(TetC)
Escherichia coli Ith LT B subunit Gastroenteritis vaccine Kang et al. (2003)
Escherichia coli eae Intimin E. coli 0157:H7 vaccine Judge et al. (2004)
Vibrio cholerae ctb CT B subunit Cholera vaccine Daniell et al. (2001)
Escherichia coli Mannitol-1-phosphate . . Tarczynski et al. (1992)
mtlD dehydrogenase Mannitol production
Ralstonia eutropha phbA B -ketothiolase PHB production Bohmert et al. (2002)
Acidothermus Cellulase endo-1,4-B-D- . Jin et al. (2003)
cellulolyticus el glucanase (E1) Cellulase production
Bacillus licheniformis amyl a-amylase Alpha-amylase production Pen et al. (1992)

showed greater resistance (83-100%) to phaseoiptoxagainstP. syringae pv. phaseolicola. This technology could
compared to the wild-type OCT (0-22%). Whenbe transferred to other commercially important fdato
phaseolotoxin was applied exogenously to the leafes protectthem against bacterial halo blight.

plants, chlorosis was observed in 100% of wild-type

tobacco, but not seen in the leaves of the transdebacco In a different approach, Rizhsky and Mittler (20Qi9ed
plants carrying theargk gene from P. syringae pv. the Halobacterium halobium bacterio-opsin HO) gene
phaseolicola. These observations showed that #etion  under the control of the wound-inducible promd®an2, to

of the bacterialargk gene in tobacco resulted in the develop transgenic tobacco plants resistafssndomonas
expression of functional ROCT, which provided resise syringae pv. tabaci via Agrobacterium-mediated
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transformation. Bacterio-opsin activates the sefedse these bacterial genes showed accumulation of $ialiagid

mechanisms in plants by enhancing proton pumpimgsac that were up to 1000 times higher than in wild-type

the cell membrane (Mittler et al. 1995). Transgdnltacco tobacco. When challenged with the fung@idium
lycopersicon, the transgenic tobacco plants showed

plants expressing th&O gene produced hypersensitive increased levels of resistance compared to the-tyjild

response (HR), and showed enhanced expression plants. The transgenic plants did not show any sdve

different types of defense-related proteins sucthitthase, effects due to the high level expression of salicgcid.

glucanase, and salicylic acid. Furthermore, theas wo Since the role of salicylic acid in triggering SAdgainst a

spontaneous formation of lesion on transgenic plaamd variety of pathogens is believed to be similardtrhigher

the expression of theO gene occurred only after induction plants, the same strategy used in this researchbean

by pathogenic infection or wounding. The resultingapplied to other commercially important crops tdhamce

transgenic tobacco plants expressing i@ gene, when their resistance to different pathogens.

challenged withP. syringae pv. tabaci, slowed down the

growth of the pathogen compared to wild-type plafitis  Erwinia carotovora

result indicated that th&®O gene expression in tobacco

elicits defense responses and enhances resistantteet The soil-borne  Gram-negative  bacteriunErwinia

pathogen. carotovora causes the soft rot disease on a variety of
commercially important fruits and vegetables, idahg
Phytophthora parasitica carrot, cucumber, potato, lettuce, tomato, and ranidis

disease is caused mainly through the action oheatiular
Belbahri et al. (2001) used thpopA gene from the plant cell wall degrading enzymes (PCWDESs). The
phytopathogenic bacteriunRalstonia solanacearum to  expression of these enzymesHncarotovora is activated
develop transgenic tobacco plants resistant tovifient  py the signaling molecul@l-oxoacyl-homoserine lactone
fungus Phytophthora parasitica var. nicotianae. The (OHL). OHL, a bacterial pheromone, is a membeihefN-

elicitor protein PopA fromR. solanacearum has been : , :
shown to be an effective inducer of HRs in tobaptznts acylhomoserine lactones (AHLs) family, which coigro

(Arlat et al. 1994). Belbahri and colleagues plattexbopA quorum sensing (QS_) (Pirhonen e_t al. 1993). QSEin
gene under the control of the hypersensitivitytelaplant carotovora rggulates_, in a cell density-dependent manner,
promoter hsr203J and transformed tobacco usin§€ expression of virulence factors such as PCWIR,
Agrobacterium. The hrs203J promoter was chosen becausgecretion system, and carbapenem antibiotic pramtuct
it targets the production of the elicitor (PopA) the (von Bodman et al. 2003). Mae et al. (2001) suggkttat
infection site, and it is induced both by the patw and the expression of the QS signaling molecule OHplants
the PopA protein. Transgenic tobacco plants accatimgg  would offer them an immunity boost agailstcarotovora,

the PopA protein showed localized HR and increasegy triggering PCWDESs synthesis even at the earbebof
resistance té. parastica. This research demonstrates thatj,yasion when pathogen cell density is low. Using

expressing effector genes from a bacterial pathageter Agrobacterium-mediated transformation, the researchers

Ll}ep%%r;;r?é?L,?S;FS;ﬂg;ﬁfmmer can enhansestance developed tobacco plants carrying thecarotovora gene
expl, which is responsible for OHL biosynthesis. These
Oidium lycopersicon transgenic plants produced OHL up to 1 pg/g ofHres
weight. To test whether this level of expression of
Salicylic acid is a naturally occurring plant meghte that recombinant OHL in the transgenic plants could geig
induces pathogenesis-related (PR) proteins angeigthe PCWDES synthesis, the researchers inoculated platitsa
systemic acquired response (SAR) (Metraux et 8019 non-virulentexpl-mutant strain ofE. carotovora that lost
When salicylic acid induces SAR in plants, it tegg the the ability to synthesize PCWDEs. The expl mutantse
activation of a family of defense-related genesodity able to grow on OHL-synthesizing transgenic tobalab
proteins for resistance against a variety of pagheg not on control plants. Wild-type plants inoculatedgth
Certain bacteria, such &scherichia coli andPseudomonas  virulent E. carotovora were two times more susceptible to
fluorescence, have well-characterized pathways for thethe soft rot disease compared to the transgeniotgpla
production of salicylic acid. InE. coli, the entC gene expressing OHL.
encodes the enzyme isochorismate isomerase, which
converts chorismic acid to salicylic acid. While m A different approach to curk. carotovora infection was
fluorescence, thepmsB gene encodes pyruvate lyase, whichtaken by Dong et al. (2001). Instead of expressingants
converts isochorismic acid into salicylic acid. Weme et genes that encode QS signaling molecules, the rotsea
al. (2000) developed transgenic tobacco plants thaxpressed bacterial genes that disrupt QS signading
constitutively expressed botentC and pmsB in the would therefore decrease pathogen virulence. The
chloroplast. Transformation was accomplished thihougresearchers transformed tobacco plants withath® gene
biolistic methods. The transgenic tobacco plantwessing from Bacillus sp. 240B1, which encodes acyl-homoserine
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lactonase (AHL-lactonase). AHL-lactonase rendés
acylhomoserine lactones (AHLs) inactive by hydroigz
their lactone bonds. Once AHLs are inactivated,c@® no
longer be controlled. Transgenic tobacco plantslypcing
AHL-lactonase showed increased resistance o

carotovora infection. This resistance may be due to th

plant's ability to interrupt bacterial QS signalingy
degrading AHL molecules, which in turn negativeffeats
E. carotovora pathogenesis.

INSECT RESISTANCE

Insect infestation causes major agricultural
worldwide. For many years, the most successful siedn
insect eradication has been through the use of iclaém
insecticides. An alternative to chemical insectsids the
use of transgenic plants carrying bacterial gehasdncode
proteins toxic to insects. As an example, tranggplants
expressing the cry genes from the soil bacteriaaillus

properties of the membrane and causing death. Cetlsl.
(2001) developed transgenic tobacco plants exprgsbie
Actinomyces choM gene. The transgenic tobacco plants
were produced  through Agrobacterium-mediated
transformation. The researchers observed that tréatity
rate of cotton boll weevil larva feeding on thessnsgenic

eplants ranged from 54% to 87%. These data inditze

expression of bacterial ChoM in the tissues of ggamic
plants can result in an effective and environméntsdfe
eradication method against cotton boll weevil.

Agrobacterium tumefaciens ipt gene

lossegobacco hornworm (caterpillars danduca sexta) is one

of the most destructive insect pests of tobaccatplarhe
transfer of theAgrobacterium ipt gene, encoding cytokinin
isopentenyl transferase, to transgenic plants Bas bhown

to increase the levels of endogenous cytokinin and
effectively enhance the resistance of plants taimber of
insects. Smigocki et al. (1993) introduced tpiegene into

thuringiensis (Bt) has become the most prevalent method ofpbacco plants bygrobacteriumrmediated transformation.

insect control for several commercial crops. Besitlhe cry

The transgene was placed under the control of androu

genes fromB. thuringiensis, other bacterial genes such asinducible promoter from the potato proteinase ifthibll

choM and ipt from Actinomyces and Agrobacterium,
respectively, have strong insecticidal propertiad &ave
been transformed into tobacco plants in order terdene
their ability to control insect infestation.

Bt cry2Aa gene
Transgenic plants expressing insecticidal crystaltgn

genes ¢ryA, crylA, cry2A, etc.) from Bt are known as Bt-
transgenic plants. Most commercial Bt-transgeniopsr

(PI-1IK) gene. Transgenic tobacco plants had a 25- to 35-
fold increase inipt mRNA following induction by
wounding of the plant tissue. Exogenous applicatibthe
transgenic leaf crude extracts reduced the hatth af
hornworm eggs by 30%. In insect feeding assays,
hornworm larvae consumed up to 70% less leaf nadteri
from the transgenic tobacco plants compared to-tyje
plants. These studies illustrate the importanceootinued
identification of bacterial genes that have inszadél
properties for the control of agricultural insegtsa more

carry a singlecry gene, inserted into the chromosome, thagfficient and environmentally safe manner.

expresses the Bt protein constitutively and usuatlyow

levels. Kota et al. (1999) developed, via biolistic HERBICIDE RESISTANCE

transformation, chloroplast-targeted transgenic atcb
plants, in which theB. thuringiensis Cry2Aa2 protein was
overexpressed. In the transgenic tobacco plantsicgr

cry2Aa2 in the plastome, 3% of total soluble protein wa
Cry2Aa2, which is 30-fold higher than Cry protein

expression levels in commercial Bt crops containang
genes in the chromosome. During insect bioassajiestu

S

Broad-spectrum herbicides kill weeds as well aspcro
plants; therefore, development of herbicide-reststdants
is important for an effective weed management @ogr
As the metabolic pathways involved in herbicide
degradation are characterized in a variety of baGtenany
new genes have been identified and cloned. Wedigitluss
here a few examples of bacterial genes involved in

100% mortality was achieved when transgenic tobacCferpicide degradation and their use in transgesliadco
leaves were fed to CrylA-resistant tobacco budworMyiants to enhance resistance against the herbicides

cotton bollworm, and beet armyworm insects. Thesea d
suggest that chloroplast-targeted expression of pr&ein
can result in higher levels of resistance to ingeests,
enhancing the effectiveness of commercial Bt-crops.

Actinomyces A19249 choM gene

Cotton boll weevil larvae, which feeds inside youngjts
(bolls) is one of the most damaging cotton pestshm
United States. ThehoM gene, isolated fromActinomyces
A19249, encodes the enzyme cholesterol oxidaseMEho
which has powerful insecticidal properties agaihgt boll
weevil larvae (Corbin et al. 1994). This enzymesaly
oxidizing cholesterol in the insect's midgut eplihk
membrane, disrupting the physical and

bialaphos, glyphosate, phenmedipham, 2,4-D

dichlorophenoxyacetic acid), and Paraquat.

(2,4-

Bialaphos

Phosphinothricin (PPT) is the active ingredienthie non
selective herbicide bialaphos. The mode of actioRRT is
through the inhibition of the enzyme glutamine éwtase,
which is required for ammonia assimilation in ptafiVild

and Wendler, 1991). The bacteriaSreptomyces
hygroscopicus contain thebar gene encoding the enzyme
PPT acetyltransferase, which is responsible for the
detoxification of PPT into an inactive form (Thoropset

functionabl. 1987). Lutz et al. (2001) used biolistic trarsfiation to
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develop tobacco plants carrying the bar gene iim giastid  plant metabolism and increasing the synthesis ofeprs
genome. Conversion of PPT into inactive PPT washat negatively affect respiration, cell divisiondamany
observed in the transgenic plants treated withaplads, but  other enzymatic activities in the cell. THdA genefrom the
not in wild-type tobacco plants. Callus tissue fromGram-negative bacteriumRalstonia eutrophus strain
transformed plants were resistant up to 100 mg/0O0,PP JMP134 encodes the enzyme 2,4-D monooxygenase,
while leaf sections from the wild-type plants gromh4 involved in the conversion of 2,4-D to the non-aeti
mg/L PPT showed chlorosis and did not form callusenzyme 3-oxoadipate (Streber et al. 1987). Lyoralet
Following herbicide application, the transgenic npda (1989) cloned the gertédA behind a CaMV 35S promoter
remained healthy but the wild-type plants died wittwo in a binary vector and introduced it into tobacdangs by
weeks. This research shows that it is possibleeteldp  Agrobacterium-mediated transformation. Through leaf
bialaphos-resistant transgenic plants by expressing discs and seed germination assays, the reseansrified

bacterial gene for PPT detoxification. that tfdA transgenic tobacco plants expressing 2,4-D
monooxygenase showed increased tolerance to exageno
Glyphosate application of 2,4-D compared to wild-type plants.

Moreover, the transgenic seedlings could tolergieta
eight times the amount of herbicide used for cdntfo
Meeds in the field. These data demonstrated thateeging
the bacterial 2,4-D monooxygenase gene could dpvelo
herbicide-resistant transgenic crop plants.

Glyphosate, the active ingredientof the widely usexed
control agent Roundup, is a major broad-spectru
herbicide used in agriculture. Glyphosate kills dsd®y
inhibiting the enzyme 5-enolpyruvylshikimate-3-ppbate
synthase (EPSPS), which is a key enzyme in thensatk
pathway and is necessary for the synthesis of aroma
amino acids (Zhou et al. 2003). Scientists isolatedi Paraquat
characterized a genar,0A-M1 from E. coli, which encodes
a glyphosate-resistant EPSPS (He et al. 2001).badm Paraquat, also called methyl viologen, is a nonedizle
chloroplast transit peptide sequence was adddtweté’'tend  herbicide, which destroys green plant tissues arach by
of the aroA-M1 gene for chloroplast-specific expression.generating superoxides and other radicals thatiptiglant
The resulting construct was cloned behind the CaB8%  cells membranes. Researchers isolated the Paraquat-
promoter and transferred into tobacco Ayrobacterium-  egistancepgrA gene from the bacteriur®chrobactrum
mediated transformation (Wang et al. 2003). Theswenic anthropi strain JW2 (Won et al. 2001). Jo et al. (2004duse
tobacco plants were two times more tolerant to lybgate Aarobacteri diated  t f i ¢ devel
compared to wild-type tobacco plants. grobacterium-mediate ranstormation 1o evelop
transgenic tobacco plants expressing peA gene. The
resulting transgenic plants displayed higher resist
against paraquat than the wild-type plants. Thesftamed
tobacco plants also showed lower levels of paraquat
accumulation in their tissues compared to untranséol
tfgbacco, establishing that the bacterial proteinAP@
effective in the detoxification of paraquat.

Phenmedipham

The herbicide phenmedipham is commercially used as
post-emergence herbicide mainly in the productiosugar
beet and strawberries. Researchers isolated
phenylcarbamate degradationpcd) gene from the
bacteriumArthrobacter oxydans strain P52. Thecd gene
encodes the enzyme phenylcarbamate hydrolase (P,MPIJIMPROVED TOLERANCE TO ABIOTIC STRESSES
which detoxifies phenmedipham through hydrolytic
cleavage of the carbamate bond between the bemizreyse
(Pohlenz et al. 1992). Th& oxidans pcd-coding sequence
was fused with a CaMV 35S promoter and introducdd i
tobacco plants byAgrobacterium-mediated gene transfer
(Streber et al. 1994). Transgenic and wild-typeatalo
plants were sprayed with phenmedipham dose
corresponding to field application rates of 1 kg/B&g/ha,
and 10 kg/ha. Whereas 1 kg/ha is completely lefbal
wild-type plants, transgenic plants expressing héyels of
PMPH showed resistance to application rates up @o 15@lt tolerance
kg/ha.

Many bacterial genes involved in different enviramtal
stresses have been identified. The expression réice
bacterial stress-related proteins in plants magatly or
indirectly protect plants against specific enviramal
stresses such as high salinity, high UV radiatanought,
and low temperature. As the role of these bactgeaks in
stress adaptation becomes known, new strategiesbean
devised to improve stress tolerance in crops.

Close to 40% of all arable lands cannot be usedusecof
2,4-D potential salinity problems. Therefore, the deveiept of

transgenic plants tolerant to high salinity is essé¢ for
The chlorinated phenoxy compound 2,4-D is an auxifincreasing food production worldwide. Plants ndtyra
analog and is commercially used as a herbicidetlier produce organic compounds of low molecular weight,
control of broad leaf weeds. 2,4-D acts by ovamstating called ‘compatible solutes’, that enhance the [dant
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tolerance to salt. One of the most effective coibfat both as an end product and as the main precursonday
solutes is betaine, which is not produced or acdated in  other carotenoids including the xanthophylls. Zedlm is
several important crop plants. Betaine helps plamjse a well-studied carotenoid of the xanthophyll famtihat is
with a saline environment by regulating the osmotidformed by the hydroxylation ¢f-carotene.

potential in the cell cytoplasm and protecting piog from

degradation (Robinson and Jones, 1986). In allimeta Gotz et al. (2002) usedigrobacterium-mediated gene
producers, its biosynthesis is accomplished in a-gtep transfer to produce tobacco plants that carry erbiigous
process. In the first step, which involves the agish of ~carotenoid gene —encoding the enzym@carotene
choline to the intermediate betaine aldehyde, wdfie hydroxylase ¢tZ) isolated from th_e bactenurErvwma .
enzymes catalyse the reaction depending on thevisrga uredovora. B-carotene hydroxylase is directly involved in

E le. irE. coli this step | talvzed by choli the formation of zeaxanthin from the precurfararotene.
or examplé, Inc. coll this Step 1S catalyz€d by CNoliN€ rpg o7 gene was fused to the transit peptide of rubisco
dehydrogenase (CDH), followed by conversion of €a gmgq| subunit, placed under the control of the tartive

aldehyde into betaine by the enzyme betaine aldehydsss camv promoter and transferred into tobacco.
dehydrogenase (BADH) (Landfald and Strom, 1986)zeaxanthin accumulation in the transgenic plants
Holmstrom et al. (2000) usedgrobacterium-mediated expressing-carotene hydroxylase was two-fold compared
transformation to introduce the coli betA andbetB genes  to the wild-type plants. Under UV stress, thesentsla
into tobacco plants, which do not naturally accuateil maintained a higher biomass and greater amount of
betaine. TheE. coli betA encodes CDH whileetB encodes ~Photosynthetic pigments than wild-type plants exgoto
BADH. Transgenic tobacco plants producing both CDHYV radlatlon._ These _ res_ults |nd|cat_e that increased
and BADH were developed by crossibgtA- and betB- zeaxanthin biosynthesis in transgenic tobacco glant
producing plants and selecting for double transgénes. protects plants from UV damage.

Transgenic tobacco expressing botietA and betB
produced a considerable amount of betaine (66 amM@l/g
of fresh weight) and were able to grow in the pneseof
200 mM NacCl.

Low temperature

The main effect of low temperature exposure in tslas a
decrease in the fluidity of biological membranesuigng
in photosynthesis inhibition (Murata and Los, 199ant
cells acclimate to cold through the synthesis cfatarated
fatty acids that cause the lipid bilayer of cellmizanes to
become more fluid, preventing the lipids from phase

However, when the same transgenic lines were griown separation (Nishida and Murata, 1996)' Fa_ltty acid
the presence of exogenous choline (20 mM), betaindeSaturases are the enzymes responsible for imiragu
synthesis increased up to 80 pumol/g of dry weidi. double bonds into fatty acids, enhancing the mdézcu
increase in betaine content was observed in the-tyle ~ Motions of lipids at low temperatures (Los and Maya
plants supplemented with choline. Thus, fgascens cox 1998). In higher plants, there are two major typesatty
gene can catalyze both steps of betaine biosystliesn  acid desaturases: acyl-ACP desaturases and aiyl-lip
choline more efficiently than thi. coli CDH and BADH  desaturases. Orlova et al. (2003) introduced iotza¢co

In a different approach, Huang et al. (2000) tramstd
tobacco plants with theox gene, encoding choline oxidase
from Arthrobacter pascens, and obtained transgenic plants
that accumulated betaine up to 13 pumol/g of drygivei

in transgenic tobacco. plants the gene for acyl-lipid desaturasesC) from the
thermophilic cyanobacteriumSynechococcus vulcanus,
UV tolerance through Agrobacterium-mediated transformation. The

enzymatic activity of the desaturase was investigaty
In the tropics, plants are often exposed to exdiegg  comparing the fatty acid composition in leaves of
intensity and ultraviolet (UV) radiation that caa barmful  transgenic and wild-type tobacco plants. Transgetaots
if the stress surpasses the plant’'s capacity féende and expressingdesC showed significant alterations in cell
repair. UV radiation causes photooxidative strassall ~membrane lipids, resulting in a four-fold increasethe
cellular compartments (Jansen et al. 1998). IndmgGt total amount of unsaturated fatty acids compared to
fungi, and photosynthetic organisms, carotenoide aruntransformed tobacco plants. The cold tolerancehef
naturally occurring pigments that have a major fiomcin  transgenic plants was tested by measuring the anafun
photoprotection. Carotenoids protect organisms fronelectrolytes that leaked into water extracts froanp
excess UV radiation by dispersing excess lightg@nand tissues damaged by low temperatures as a percent of
quenching free radicals (Niyogi, 1999). In plants,electrolytes leaked after complete destructiorheftissues
carotenoid biosynthesis starts with the formatioh oby boiling. The amount of electrolytes, which gaae
phytoene from two molecules of geranylgeranylestimation of the index of injury to the tissue, swa
pyrophosphate (GGPP). Phytoene is then subjectéolito determined by the electric conductivity of the wate
consecutive desaturation reactions that result e t extracts. Based on this assay, the transgenic ¢obalants
formation of lycopene. Through the action of cyelas were found to be about twice more resistant to edl@°C,
enzymes, lycopene is converteddtoarotene, which serves compared to wild-type plants. This study indicatest the
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increased amount of polyunsaturated fatty acidsthiea 0.5 mM, which is the solubility limit of TNT in agous
membrane lipids of transgenic plants expressing thsolution.

bacterial enzyme acyl-lipid desaturase can resuligher

tolerance of plants to cold temperatures, which mayn a different study, tobacco plants were transatrmwith

translate to an increase in crop productivity. the E. cloacae onr gene, which encodes the enzyme
pentaerythritol tetranitrate (PETN) reductase (Eheat al.
PHYTOREMEDIATION 1999). PETN reductase reduces PETN and glycerol

trinitrate (GTN) to nitrite. Seeds from transgemidbacco
Phytoremediation is the process of detoxifyingplants carrying thenr gene germinated and grew in media
contaminated soils through the use of plants. Sptaets ~ containing 1 mM GTN, which was toxic to untransfeun
have the natural capacity to extract pollutant maiefrom  seeds. The researchers showed that transgenicctobac
the soil and degrade them into less toxic companehy  plants expressing microbial NR and PETN reductassdc
enhance the plant natural remediation capabiliseigntists  not only tolerate high amounts of TNT, GTN, and RET
have developed transgenic plants that carry battgenes but also uptake and degrade them, making
for detoxification of certain inorganic pollutantsuch as phytodetoxification a possibility in the cleanup félds
mercury and 2,4,6-Trinitrotoluene (TNT). contaminated with nitroaromatic and nitrate ester

explosives.
Mercury phytodetoxification

VACCINE PRODUCTION
Mercury pollution is caused mainly by the organocoeial
waste generated through agricultural, mining, anistrial  The production of vaccines in plants has many aichepes
activities. Some mercury-resistant Gram-negativetds&  over other more traditional methods of manufactyuramd
can detoxify organomercurial compounds from thedistribution. Plant-based vaccines are less expensd
environment, by converting methylmercury intoghen  produce and their administration is safer and simpince
further degrading Hg into metallic mercury (H), which  they do not require trained personnel. To this datest
is the least toxic form of mercury (Summers, 198&8nes research done with plant-based vaccines have fdcose
encoding mercury detoxification have been isoldfet  jiseases caused by viral infections, such as hisp&tiDS,
these bacteria. ThemerB gene encodes the enzymeygneq rabies, foot and mouth disease, and dérthéhis
organomercurial lyase _that catalyzes the breakd“_’*""g“e section, we discuss recent reports on the expressio
carbon-mercury bond in methyimercury, producing”Hg r1Droteins from bacterial pathogens in tobacco plgtsfar,

whilethe merA gene encodes the enzyme mercuric ion .. . .
. antigen proteins from several human pathogens dimaiu
reductase for reduction of Fgto Hg (Summers, 1986). Bacillus anthracis, Clostridium tetani, Escherichia coli,

ThroughAgrobacterium-mediated transformation, He et al. . .

(2001) generated transgenic tobacco plants cartyiag. and \ﬁbno chol_erae have been expressed in tobacco as
coli merA gene. Transformed tobacco plants expressingandidate vaccines.

mercuric ion reductase were resistant to HgCl ) )

concentrations up to 350 pM, while the untransfatme Bacillus anthracis

plants could not survive in Hg€toncentration of just 50 _ o N ) )
HM A|though merA conferred some level of resistance toBaC”IUS anthracis is a Gram-pOSItlve soil-borne bacterium
mercury in these plantmerB expression is also required in that causes the anthrax disease, which afflictdiveres
the transgenic plants in order to achieve higheelieof and humans. The main virulence factoBoanthracisis an

mercury detoxification. exotoxin protein composed of three components:egtivte
antigen (PA), lethal factor (LF) and edema factF), The
Phytodegradation of explosives only anthrax vaccine licensed for human use inUt®. is

made from a cell-free filtrate that contains a mixcellular
TNT is one of the most toxic explosives known tonma products including PA, LF and EF, and it is not sidered
affecting plants, animals and most microorganismssafe due to a high rate of side effects (Pittmad022.
Enterobacter cloacae PB2, a Gram-negative bacterium, is Watson et al. (2004) cloned the PA gemagj into a
able to utilize TNT as a sole source of nitrogemkB et al.  chloroplast vector, designated pLD-JW1, and throtigh
1996). Thensfl gene, isolated frork. cloacae, encodes the use of biolistic method of transformation, introddcpag
enzyme nitroreductase (NR), which is responsibletfie into the chloroplast of tobacco. The resultant sgmmic
reduction of the nitro groups of TNT, producing plants produced a maximum PA of 18.1% of the total
hydroxylamino- and amino-dinitrotoluenes (Frenchaét soluble protein and the extracted PA was functignal
1998). Hannink et al. (2001) transferred the bzaitesf] active. Since current anthrax vaccine productiorihogs
gene into tobacco viaAgrobacteriummediated gene are not efficient, transgenic plants expressing héyels of
transformation. Transgenic tobacco plants exprgstire  Pas may offer an effective and inexpensive wayrtalpce
bacterial NR enzyme tolerated TNT concentrationstap anthrax vaccine in large scale.
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Clostridium tetani Kang et al. (2003) used biolistic methods to trangifieltb
gene into tobacco chloroplast. The researchersnradxde
Clostridium tetani is the bacterium responsible for causingthat in transplastomic tobacco leaf the LTB proteias
the disease tetanus, which globally kills 300,08@morns  approximately 2.5% of the total soluble protein,icbhis
and 30,000 birth mothers every year (Pascual €0813).  approximately 250-fold higher than in plants getedavia
After infection, C. tetani produces a strong toxin called nyclear transformation in previous research.
tetanospasmin, which contains two subunits: H andHe
H subunit has three functional domains (zinc-bigdmotif  Bloody diarrhea or hemorrhagic colitis is caused thg
‘ZBD’, Hy, and h). The H functional domain, also enterohemorrhagiE. coli O157:H7. These bacteria are
known as TetC fragment, has been widely used as aypically transmitted from infected cattle to hursan
candidate subunit vaccine since it is non-toxic iw@uses  therefore, vaccination of cattle in order to deseekevels of
both mucosal and systemic immune response. Treg@tin E, coli 0157:H7 could lead to a reduction of hemorrhagic
al. (2003) developed transplastomic tobacco plantgglitis infection in humans (Zhao et al. 1998). \Roas
expressing the tetanus toxin protein TetC in tHeroplast.  studies have shown that tRecoli outer membrane protein
The tetC gene was cloned into a chloroplast vector angntimin is effective in eliciting immunogenic respses in
transformed into tobacco using the biolistic methtw  cattle and pigs (Gansheroff et al. 1999). Judgd.€2004)
order to first determine whether codon modificatiwould  transformed tobacco with thE. coli intimin (eae) gene,
result in enhanced expression of the bact¢etél gene in  fysed to the signal sequence from the soybean atieget
the plastid, the researchers transformed tobaaulvith  storage protein  (VspA), usingAgrobacterium. The
two different gene constructs: a native AT-rich tedi@l  transgenic plants produced up to 13 pg of intingén g of
gene (etC-AT) and a codon-optimized synthetic GC-rich total plant material. Purified intimin from transdge
gene (etC-GC). Transplastomic tobacco plants showedobacco induced immune response in mice. When
chloroplast TetC protein accumulation up to 25% 08  challenged withE. coli O157:H7, mice that were injected
of total soluble proteins for the native and sytithgenes, with intimin and fed with transgenic plant tissusowed

respectively. The results revealed that codon apéition,  significant decrease in duration Bf coli colonization in
in this particular case, did not necessarily trateslinto  the gut.

higher protein expression. This was probably duthédfact

that, although eukaryotes, plants plastids haveufes that Vibrio cholerae

are similar to prokaryotic machinery for gene t@aigion

and translation. Vibrio cholerae is a Gram-negative bacterium that affects
the small intestine of humans and causes the diseas

To test the immunogenic properties of the recomtiina cholera. Once it colonizes the intestinal epithetills, V.

TetC protein, Tregoning et al. (2003) inoculatectenwith  cholerae produces large amounts of cholera toxin (CT),

leaf extracts from transgenic tobacco expressimgtétC  which is responsible for the symptoms associatet ttie

gene. Mice immunized with the transgenic leaf etia cholera disease. Similar to the heat-labile coli

showed significant anti-TetC antibody responses angnterotoxin (LT), the CT is composed of two subsmni

survived when challenged witl. tetani, while control toxic 27-kDa A subunit (CTA) and a non toxic 11.B5&B

mice immunized with wild-type leaf extracts did ngive  subunit (CTB). CTB is a candidate oral subunit uaedor

any antibody response and showed symptoms of s#&aly cholera because it has strong mucosal immunogenic

42 hrs after infection witiC. tetani. These results showed properties (Jani et al. 2004). Daniell et al. (20@5ed

that plants could be successfully used to produigh h biolistic transformation method to integrate tb® gene

levels of active subunit proteins that can be usefight into the tobacco chloroplast genome. The resulting

tetanus infection. transgenic plants showed CTB expression up to 401%
o _ total soluble protein. The binding of CTB to the GM
Escherichia coli ganglioside receptors on the surface of intestpithelial

cells is believed to elicit the mucosal immune cese to
EnterotoxigenicEscherichia coli causes a disease calledy, cholerae infection. The plant-synthesized recombinant
gastroenteritis, which is marked by mild diarrhosad  CTB showed strong affinity to the GM1 receptors tha
vomiting. Gastroenteritis is triggered by the releaf heat-  syrface of intestinal epithelial cells.
labile enterotoxin (LT) produced by the enterotexi E.
coli. LT is formed by a toxic 27-kDa A subunit (LTA)@n PLANT MOLECULAR FARMING
a non toxic 11.6 kDa B subunit (LTB). It has be&owsn
previously that animals feeding on transgenic lantMolecular farming, which is the use of transgerangs for
expressing LTB produced antibodies that could mdiwg large-scale production of valuable compounds sush a
LT, however, LTB expression in plants were too lowindustrial enzymes, food additives, and biopolymess
(Mason et al. 1998). In order to increase LTB egpi@n, preferred over more traditional production systemsig
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animal or microbial cells because
production at low cost. Scientists have introdubeadterial
genes in transgenic tobacco plants for the productf
valuable compounds
polymers (biodegradable plastic), and enzymes Ulesie
anda-amylase).

Mannitol

Mannitolis one of several carbohydrates classifeed a
sugar alcohol. The main commercial use of manmétoh
the food industry, in which it is used as a nutdti
sweetener.
because it slowly degrades in the body, it has daberic
content, and it is resistant to tooth decaying dxét To
develop an efficient and inexpensive method for mitah
production, Tarczynski et al. (1992) introduced oint
tobacco plants th&. coli mtID gene, which encodes the

Mannitol is an important food sweeteneand Baker,

it enables massonstitutive expression @ketothiolase can be deleterious

during transgenic plant regeneration.

including sweeteners (mannitol)To curb the negative effects d@fketothiolase in plant

transformation, Bohmert et al. (2002) placed the
somatically activated maize transposable Activatement
(Ac) between the 35S CaMV promoter and ghbA gene
from Ralstonia eutropha, allowing expression ofp-
ketothiolase only after the mobile Ac element hagrb
removed. Ac is known to transpose autonomouslyigti h
frequency to new sites in the tobacco genome, hegath
fusion of the 35S CaMV promoter to the target gétiehl
1990). ThroughAgrobacterium-mediated
transformation, the researchers produced transgeinécco
plants that showed PHB accumulation up to 3.2 mtyy
weight. In another research aiming for the produrctof
PHB in transgenic tobacco, Léssl et al. (2003) dfamed
the polycistronicphb operonto tobacco plastome using

enzyme mannitol-1-phosphate dehydrogenase. Traitsgemiolistic transformation methods. The researchéseoved

plants were developed usidgrobacterium-mediated gene
transfer. Transgenic plants expressingtiD showed
mannitol concentrations up to 6 pmol/g of fresh ghéi
while mannitol
inuntransformed tobacco. This experiment demoresdrat
that it is possible to alter plant carbohydrate ahetism
through gene manipulation, in order
commercially valuable compounds.

Polyhydroxybutyrate

Polyhydroxyalkanoates (PHAs) are a class of lineal
polyesters naturally produced by bacteria througr?n

fermentation of sugar or lipids. The most commapetpf
PHAs is polyhydroxybutyrate (PHB), which has atteac

that the highest PHB accumulation (1.7% dry weigtes
achieved only during the early stages of in vittdture.
PHB production in transplastomic tobacco plantsezsed

accumulation could not be detectedover time and mature plants showed stunted growth a

male sterility. While these expression levels ail ot
ideal for large-scale commercial production of PHiese

to produceexperiments laid the foundation toward achievirig oal.

Cellulase

Cellulose, a long chain polysaccharide made up of
epeating units of-D-glucose, is the major component of
woody plants and natural fibers and considered ajrtee

ost abundant organic materials. Besides the ivadituse

of cellulose as raw material in the manufacturinj o
products such as paper and textile, cellulose ¢sm lze

much commercial interest as a biodegradable plastigsed for ethanol production. Commercial productitthe

material. Recombinant bacteria were originally uged
produce PHB, but production costs were too high paned
to production of synthetic plastics (Choi and L£899). As
an alternative, researchers have attempted to peoBtiB
in transgenic plants includingrabidopsis thaliana (Poirier
et al. 1992; Bohmert et al. 200®,assica napus (Houmiel

et al. 1999), corn (Poirier and Gruys, 2002), motat
(Bohmert et al. 2002), sugarcane (Petrasovits .e2@07;
Purnell et al. 2007), and tobacco (Bohmert et 8022
Lossl et al. 2003; Arai et al. 2004).

PHB is biosynthesized by bacteria using the sutestra
acetyl-CoA through the action of three enzymes daddy
phbA (B-ketothiolase)phbB (acetoacetyl-CoA reductase),

enzyme cellulase, used for cellulose hydrolysisindur
ethanol production, has been derived mainly frome th
fungusTrichoderma reesei. To reduce the cost of cellulase
production, Jin et al. (2003) uségrobacterium-mediated
transformation to introduce into tobacco plantseaeg€l)
encoding the catalytic domain of a thermotoleraitutase
endo-1,48-D-glucanase  (E1) from Acidothermus
cellulolyticus, fused to a transit sequence and the 35S
CaMV promoter. The transgenic tobacco plants showed
high levels of endoglucanase activity, suggestihgt t
transgenic plants can be used for commercial ptaziuof
cellulase.

a-amylase

and phbC (PHB synthase)p-ketothiolase converts acetyl- Amylases are a family of enzymes that hydrolyzelibed

CoA to acetoacetyl-CoA, which is reduced by acetbae
CoA reductase to 3-hydroxybutyryl-CoA, and then
polymerized by PHB synthase to produce PHB.
transgenic plants, all three genes are requireynthesize
PHB in plastids, but onlphbC and phbB are needed for
PHB production in cytosol (Poirier et al. 1992). whver,

within starch molecules to produce glucoseamylases

hydrolyses 1,4rglycosidic linkages in the amylose and

Iremylopectin molecules of starch and are extensivedyd in

a variety of industries including starch, food, girgg,
alcohol, sugar, textile, and paper industries. Renal.
(1992) expressed the thermostadlemylase, isolated from
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Bacillus licheniformis in transgenic tobacco plants. There are many advantages associated with the fuse o
Tobacco protoplasts were transformed with a coostru whole plants for the production of recombinant phas
containing a fusion between tBelicheniformis a-amylase compared with traditional microbial and mammalian
gene,amyl, and the signal peptide of the tobacco PR-Secombinant protein production systems. However,
protein, which targets the protein to the apoplaste production systems that use whole plants lack séver
resultant transgenic tobacco plants showed normdlenefits found in cultured cells, including contaent,
phenotype and secretetamylase into the intercellular growth conditions control, product consistency, ahé
space, with expression levels up to 0.3% of totdlildle  ability to produce recombinant proteins in comptiawith
proteins. The activity of plant-expressed recomiinga  standard manufacturing regulations. Plant cell ucak
amylase was tested by applying extracts of trarisgaeds combine both the qualities of whole-plant systemd af
directly in the hydrolysis of starch, which resditén  microbial and animal cell cultures. Even though the
liquefied products that were similar to those aledi from  commercial production of recombinant proteins ugtant
starch hydrolysis using wild-typex-amylase fromB.  cell cultures has not yet been realized, many stutiave
licheniformis. Although expression levels obtained frombeen conducted in order to evaluate the commercial
this research were too low for effective large-scal viability of such systems.

production of a-amylase, this study demonstrated the

expression of a commercially important industrinkyme  The constant need for more abundant and improved fo
in transgenic plants. Future studies will be needed sources can be met by the applications of biotdolyan
increase expression levels for viable commerciathe production of bioengineered plants that are emor

application. nutritious, productive, and that require less pédtis and
fertilizers. Nevertheless, there has been a greatareness
FUTURE PROSPECTS on the potential negative impact of bioengineeriagts on

non-target organisms and the environment as a wiolky
Recent advances in genomics, proteomics anfew actual studies have been conducted with bioeeged
bioinformatics have allowed the identification ofany  plants grown in the wild. Hence, there is a rea@dc#or the
bacterial and plant genes involved in a varietpiofogical  establishment of more long-term research to addiesse
functions such as tolerance to abiotic stressesssues. The scientific community has establishéelsrand
pathogen/insect/herbicide resistance, biodegradatad guidelines to help decrease the chances of tramsgen
xenobiotics, and biosynthesis of vaccines, pharotézads,  pollution in the environment, minimizing the podsib
and other industrial compounds. Greater functionahdverse effects of bioengineered plants. Some e$eth
determination of different genes will provide a teet guidelines include localizing the expression of gawous
understanding of the biochemical and physiologicabenes only to specific tissues and organs; limitihgir
processes in plants and bacteria, which in turhemihance expression to the time when foreign proteins aredad;
the expression of recombinant bacterial genes amtpl excluding all excess foreign DNA, such as selective
With the information derived from tobacco, it shebul markers, from transgenic plants; and minimizingrikk of
become possible to manipulate metabolic pathways argene flow to other plants via cross-pollination. eTh
optimize protein expression levels for the improeamof probability of exogenous genes escape can be dexchdry
crops and for large-scale production of desirabil#gins. methods that remove these genes from pollen. Otlgesé
Further developments in the area of gene expressioh methods is the insertion of the transgene into the
protein purification methods will be necessary forchloroplast (plastid) rather than the nucleus. &inc
commercial use of plants as bioreactors. chloroplast genes are inherited maternally, thasgane

will not be present in the pollen, avoiding its waned
One of the biggest obstacles for the successfuhwantial  dispersal.
use of transgenic plants in the production of itdlais
grade recombinant proteins is to extract theseeprstin an  Besides limiting the escape of the foreign gene itfte
efficient and inexpensive manner. Expression lewafls environment, plastid transformation system has nuahgr
recombinant proteins in plants are increasing #iieadth  advantages over nuclear transformation, which il the
advances in plastid-targeted transformation methwtlih ~ most common method for generating transgenic plants
allow transfer of multiple genes at the same timePlastids have some prokaryotic features, such a&s th
However, extraction and purification of proteinsorfr  organization of genes in operons, which enhanceldenf
transgenic plants are still labour-intensive andtlyo The  expression of native bacterial genes. Since traregare
use of callus and hairy roots cell cultures, rogtretion, inserted into the plastid by homologous recombamati
and guttation fluid extraction systems are somermditive  their expression is more stable and predictablen tima
methods for the recovery of valuable proteins fromnuclear transformed plants. In nuclear transforsyaoiver
transgenic plants that may be simpler and more- coséxpression levels and gene silencing may occurtaube
efficient than currently used methods. unpredictable insertion of the foreign gene in the
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chromosome, causing what is know as ‘position &ffec CHOI, Jong-ll and LEE, Sang Yup. Factors affectthg
Chloroplast transformation allows the insertionsefveral economics of polyhydroxyalkanoate production baater
transgenes under the control of a single prometeabling fermentation. Applied Microbiology and Biotechnology,
the coordinated expression of the genes. Alsoetlaee January 1999, vol. 51, no. 1, p. 13-21.

approximately 10,000 copies of the plastid genomeach .
plant cell, which enhance considerably the expoessif ~CORBIN, David R.; GREENPLATE, John T.; WONG,

recombinant proteins in transplastomic plants. Th&dith Y. and PURCELL, John P. Cloning of an insedal
advantages of chloroplast-targeted expression ofehal cholesterol oxidase gene a_nd Its expression inebiacand
genes in plants have been demonstrated well irsgearic plant ~ protoplasts. Applied = and -~ Environmental
tobacco usingB. thuringiensis cry genes, as described Microbiology, December 1994, vol. 60, no. 12, p. 4239-

4244,
above.

CORBIN, David R.; GREBENOK, Robert J.; OHNMEISS,
Thomas E.; GREENPLATE, John T. and PURCELL, John
P. Expression and chloroplast targeting of chotebte
oxidase in transgenic tobacco plafkant Physiology, July
2001, vol. 126, no. 3, p. 1116-1128.
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