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(57) ABSTRACT 

Introducing blocks of foreign genes in a single operon Would 
avoid complications such as position effect and gene silenc 
ing inherent in putting one gene at a time into random 
locations in the nuclear genome. Cloning several genes into 
a single T-DNA does not avoid the compounded variable 
expression problem encountered in nuclear transgenic 
plants. This disclosure shoWs that a bacterial operon can be 
expressed in a single integration event as opposed to mul 
tiple events requiring several years to accomplish. Expres 
sion of multiple genes via a single transformation event 
opens the possibility of expressing foreign pathways or 
pharmaceutical proteins involving multiple genes. Express 
ing the Cry2aA2 operon, including a putative chaperonin to 
aid in protein folding, in the chloroplast via a single trans 
formation event leads to production of crystaliZed insecti 
cidal proteins. Expressing the Mer operon via a single 
transformation event leads to a phytoremediation system. 
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Fig. 9: Transformed E. coli grown in 100 nm HgCb 
Con: LD-MerAB Control (E. coli) 

, ~ ~., - . . 

Transformed E. coli cells containing the vectors pLD-merAB and pLD-MerAB-S’UTR grown in LB at 
different concentrations of HgClz. Plates show transformed cells growing at 100 11M Hgclz. N0 growth was 
observed in the control. 

Fig. 10: Chloroplast Transgenic plants 

a) Transgenic plant shoot induction in RMOP with SOOpg/ml Spec. b) Transgenic plant root induction in 
M80 with 500 pig/m1 Spec. c) ‘Transgenic plant grown in soil. 

Fig. 11: Integration of the mar operon into the chloroplast genome 
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a) PCR using speci?c primers that land in the gene cassette (SP/2M) show a product of 3.8kb size (clonesl, 
4, 5, 7, 9, 1l)_ Clones l and 3 show no integration of the cassette. Positive control, is plasmid pLD—merAB 
3’UTR. Negative control is untransformed plant DNA. b) PCR using speci?c primers that land within the 
native chloroplast genome (BF/3M), eliminate mutants (clone 3), showing integration of the cassette into 
the chloroplast genome (clones: 1, 2, 4, 5, 6, 7,9, 11. 1.6 kb PCR product). 
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MUTIPLE GENE EXPRESSION FOR 
ENGINEERING NOVEL PATHWAYS AND 

HYPEREXPRESSION OF FOREIGN PROTEINS IN 
PLANTS 

RELATED APPLICATIONS 

[0001] This patent application claims the bene?t of US. 
Provisional Applications Nos. 60/185,660, ?led Feb. 29, 
2000, 60/257,408, ?led Dec. 22, 2000, 60/259,248 ?led Dec. 
29, 2000 and 60/266,121 ?led Feb. 2, 2001. All applications 
are here incorporated by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED FEDERAL RESEARCH 

[0002] The Work of this invention is supported in part by 
the USDA-NRICGP grants 95-82770, 97-35504 and 
98-0185 to Henry Daniell. 

FIELD OF THE INVENTION 

[0003] This application pertains to the ?eld of genetic 
engineering of plant genomes, particularly plastids and to 
methods of and engineered plants With operons that lead to 
and result in overexpression of the gene of interest. This 
application also pertains to the ?eld of genetic engineering 
of algal and bacterial genomes. 

DESCRIPTION OF RELATED ART 

[0004] Karamata, in US. Pat. No. 4,797,279, proposed the 
generation of Bacillus thuringiensis hybrids that have insec 
ticidal properties through conjugation. Conjugation is medi 
ated by a conjugative plasmid functional in the B.t. kurstaki 
strain and the B.t. tenebrionis strain. The resulting hybrid is 
capable of producing each of the delta-endotoxin crystals 
typical for a B.t. kurstaki strain and a B.t. tenebrionis strain. 

[0005] McBride, in US. Pat. No. 5,545,818 and McBride 
et al. (1995), describes a method of genetically engineering 
the plastids of a plant or plant cell such they provide 
increased expression of the Bacillus thuringiensis insecti 
cidal proteins in the plastids. A construct containing a 
promoter functional in plant plastids, a single gene encoding 
an insecticidal Bacillus thuringiensis toxin, another DNA 
sequence encoding a selectable marker, and a transcription 
termination region capable of terminating transcription in a 
plant plastid, is used to affect plant transformation. The 
transcription and translation of the B.t gene product occurs 
in the plastids. 

[0006] Daniell et. al., in US. Pat. No. 5,932,479 (1999), 
entitled “Genetic engineering of plant chloroplast,” teaches 
plant cells chloroplast transformed by means of an expres 
sion cassette comprising an exogenous DNA sequence 
Which is stably integrated to the chloroplast genome of the 
cell of a target plant. “Stably” integrated DNA sequences are 
those Which are inherited through genome replication by 
daughter cells or organisms. This stablility is exhibited by 
the ability to establish permanent cell lines, clones, or 
transgenic plants comprised of a population containing the 
exogenous DNA. 

[0007] Likewise, US. Pat. No. 5,693,507 (1997) to 
Daniell and McFadden discloses such stable integration of 
the chloroplast by means of an expression cassette Which 
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comprises an exogenous DNA sequence Which codes for a 
desired trait, and the transformed plant. 

[0008] Daniell, in PCT International Publication WO 
99/10513, teaches the composition and use of universal 
chloroplast integration and expression by vectors to stably 
transform and integrate genes of interest into chloroplast 
genome of multiple species of plants. This leads to chloro 
plast expression of genes of interest. Transformed plants 
shoW the highest level of expression. Plants transformed 
With insecticidal genes are lethal to insects that are 40,000 
fold resistant to Bt. insecticidal proteins. 

[0009] Signi?cantly, in the prior art inventions use mul 
tiple promoters to drive the expression of multiple genes. Put 
differently, the inventions of the prior art employ a single 
promoter to drive a single monocistron. In contrast, the 
present invention employs a single promoter to drive poly 
cistrons, resulting in equal levels of expression of the 
polycistrons. 
[0010] All publications and patents are hereby incorpo 
rated by reference. 

BACKGROUND OF THE INVENTION 

[0011] In plant and animal cells, nuclear mRNAs are 
translated monocistronically. This poses a serious problem 
When engineering multiple genes in plants. Therefore, in 
order to express the polyhydroxybutyrate polymer or Guy’s 
13 antibody, single genes Were ?rst introduced into indi 
vidual transgenic plants, then these plants Were back-crossed 
to reconstitute the entire pathWay or the complete protein. 
Similarly, in a seven year-long effort, Ye et al. recently 
introduced a set of three genes for a short biosynthetic 
pathWay that resulted in [3-carotene expression in rice. ID 
contrast, most chloroplast genes of higher plants are co 
tanscribed. Multiple steps of chloroplast mRNA processing 
are involved in the formation of mature mRNAs. 

[0012] In accordance of the invention expression of poly 
cistrons via the plastid genome, in particular the chloroplast 
genome, provides a unique opportunity to express entire 
pathWays in a single transformation event. Additionally, 
chloroplast genetic engineering is an environmentally 
friendly approach resulting in containment of foreign genes 
and hyper-expression. 

[0013] Plant bioremediation (phytoremediation), is the use 
of plants for in-situ restoration of contaminated sites. The 
technique has risen in the last decade as a strong and safe 
technique to address With the increasing problems of the 
pollution of soil and Water bodies. In the past other tech 
niques, such as mechanical and bacterial bioremediation 
Were implemented With little success, since they Were costly 
and threatened the safety of our environment. Plants, on the 
other hand, are advantageous for bioremediation systems 
since they have a high capacity for adaptation to different 
environments and a natural resistance against different toxic 
pollutants. They are cheap, non-evasive and help contain 
disrupted ecosystems. These characteristics make plants an 
ideal vehicle for bioremediation. 

[0014] Mercury is a toxic heavy metal that is commonly 
released into the environment as a byproduct of different 
chemical reactions of modern industries. The present World 
production of mercury is about 9000 tons/year (http://WW 
W.chem.ualberta.cal.htm). In the environment, mercury is 
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rapidly methylated by methanogenic bacteria (Ex Des 
ulfovibrio desulfuricans) producing the 10 fold more toxic 
organomercurials (Compeau et. al.) 1985; Gilmour et al. 
1992). Organomercurials are more toxic due to its increased 
hydrophobicity, Which allows it to cross lipid membranes 
because it is more hydrophobic than mercury. Over 90% of 
the intake of methylmercury is absorbed into blood com 
pared With only 2% of inorganic mercury (http://WW 
W.chem.ualberta.cal.htm). Both organomercurials and mer 
cury have the tendency to accumulate in the tissue, 
especially in the membrane bound organelles. In plants 
organic mercury crosses the lipid membrane of organelles, 
for example chloroplast, Where it can poison essential oxi 
dative and photosynthetic electron transport chains more 
easily than metallic mercury (Rugh et. al. 1996). In photo 
synthetic organisms, mercury affects the oxygen-evolving 
complex that is found in the photosystem II and is bound to 
the thylakoid membrane (Bernier et al. 1993). Mercury 
treatment of PSII leads to a strong inhibition of oxygen 
evolution by removal of EP33 (one of the proteins of the 
OEE complex; Bernier et al. 1995). Mercury reduces the Fm 
and Fv values due to additional inhibitory sites on the donor 
side of PSII, including damage to the light-photochemistry 
(Rashid et al. 1990). Medical researchers discovered that 
high levels of methylmercury cause severe neurological 
degeneration in birds, cats and humans (Minamata Disease 
Research Group, 1968; Harada et al. 1995). Thus, mercury 
and organomercurials are ideal targets for phytoremediation. 

[0015] In Water, mercury pollution also poses a problem. 
Mercury accumulates in the sediments of lakes and oceans 
Where methanogenic bacteria live (http://ehpnet.niehs.nih 
.gov). These bacteria methylate mercury to produce meth 
ylmercury, Which is eventually released into Water (Harada 
et al. 1995). The methylmercury is trapped into the small ?sh 
When the Water passes through their gills or they feed on 
phytoplanktons that carry high concentrations of the pollut 
ant. Predatory ?sh, as bass in fresh Water and tuna in salt 
Water, live for long periods of time feeding on smaller ?sh. 
During their life span, they can accumulate high levels of 
methylmercury that can reach 1.0 ppm in normal Water and 
30 ppm in areas of high pollution With mercury (http:// 
ehpnet.niehs.nih.gov) Then, humans and birds feed on con 
taminated ?sh and accumulation in their tissue cause severe 
neurological damage. 

[0016] Meagher and colleagues have used a nuclear modi 
?ed form of the merA and merB genes to transform plants 
that are resistant to mercury and organomercurials respec 
tively (BiZily et al. 1999; Ruga et. al. 1996), Us. Pat. No. 
5,965,796 (1999). One of the draWbacks of nuclear genetic 
engineerig is that it requires several back crosses to create 
the complete pathWay that detoxi?es mercury and organo 
mercurials (BiZily et al. 2000). This results in variation in 
expression levels among different transgenic lines and tol 
erance to different concentrations of organomercurials, only 
in loW levels of tolerance (10 pM) (BiZily et al. 2000). 
Another concern of the use of nuclear transformed plants 
in-situ is the escape of the foreign genes via pollen (Daniell 
1999; Bogorad, 2000). 

[0017] The present invention provides a transgenic plant 
bioremediation system for soil as Well as a transgenic 
algae/bacteria bioremediation system for Water. 
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Non-obviousness of Expression of Operons Via the 
Chloroplast Genome 

[0018] Despite the potential advantages of chloroplasts for 
foreign gene expression, it Was not obvious that multiple 
genes expressed by a single promoter in chloroplasts Would 
be expressed in this organelle in a coordinated manner. 
Polycistrons have been observed in chloroplasts in the past 
but processing RNA sequences present in betWeen indi 
vidual transcripts, proteins or enZymes involved in process 
ing or cofactors necessary for processing of polycistrons 
have not yet been characteriZed Therefore, it Was not obvi 
ous to one skilled in the art that multiple foreign gene 
transcripts Would be properly processed and translated When 
expressed from a heterologous promoter. 

[0019] Prior to this patent application there Were no pub 
lished reports of expression of multiple genes in chloroplasts 
and there Were valid reasons to suggest that it Would be 
problematic. Indeed, despite several reports of foreign gene 
expression via the chloroplast genome, no one ever 
attempted expression of a bacterial operon via the chloro 
plast genome because of inadequate understanding of pro 
cessing of polycistrons Within plastids. All foreign genes 
engineered via the plastid genome have been driven by 
individual promoters and 3‘ regulatory sequences. It Was not 
knoWn Whether 3‘ terminators and regulatory sequences 
Were necessary for individual genes of the foreign operon. It 
is generally believed that the proteins or enZymes involved 
in processing may be under the control of the nuclear 
genome. It Was also believed that there maybe several 
environmental factors involved in processing polycistrons, 
including light. 
[0020] While chloroplast ribosome binding sites have 
been characteriZed, it Was not obvious that ribosome binding 
sites or untranslated regions upstream of bacterial genes 
Would function in plastids. Also, it Was not anticipated that 
a chaperonin present in a bacterial cell Would function 
Within chloroplasts and help fold the foreign protein or 
interfere With folding of other chloroplast proteins. It Was 
certainly unanticipated that it Was possible to create cuboidal 
crystals Within chloroplasts duplicating the functions of a 
bacterium during sporulation or duplicate bioremediation 
pathWays Within plastids. There Was no certainty that the 
enZymes of the pathWay or proteins of the operon Would be 
expressed in a coordinated manner. 

[0021] Indeed, the prior art suggested that there might 
have been unforeseen deleterious effects of high-level 
expression of several foreign proteins Within chloroplasts on 
plant groWth or development that Were not apparent from the 
experiences With other transgenes. The pH and oxidation 
state of the chloroplast differs from that of bacterial cells in 
Ways that might inhibit or prevent functions of proteins or 
enZymes. Because the results of this invention contradicted 
those teachings of the prior art, this invention Was charac 
teriZed as breakthrough in plant biotechnology and featured 
on the cover of Nature Biotechnology (the most prestigious 
biotechnology journal in the World) in January 2000. Sci 
entists around the World have Written revieWs subsequent to 
that publication appreciating this invention. Engineering 
multiple genes in transgenic plants via the nuclear genome 
is not only extremely time consuming (taking several years 
to accomplish) but is riddled With problems of position 
effect, gene silencing etc. Therefore, this accomplishment 
Was characteriZed as the holy-grail of plant biotechnology. 
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SUMMARY OF THE INVENTION 

[0022] By this invention, plastid expression constructs are 
provided Which are useful for genetic engineering of plant 
cells and Which provide for enhanced expression of several 
foreign proteins in plastids utiliZing a single transformation 
event. The transformed plastid is preferrably a metabolically 
active plastid, such as the chloroplasts found in green and 
non-green plant tissues including leaves and other parts of 
the plant. This invention opens the door to engineering novel 
pathWays for metabolic engineering and gene stacking, or 
for multi subunit complex proteins requiring stoichiometric 
and coordinated expression of multiple genes. The plastid is 
preferably one Which is maintained at a high copy number 
in the plant tissue of interest. 

[0023] The present invention is applicable to all plastids of 
plants. These include chromoplasts Which are present in the 
fruits, vegetables and flowers; amyloplasts Which are present 
in tubers like the potato; proplastids in roots; leucoplasts and 
etioplasts, both of Which are present in non-green parts of 
plants. 

[0024] The plastid expression constructs for use in this 
invention generally include a single plastid promoter region 
and multiple genes of interest to be expressed in transformed 
plastids. The DNA sequence of interest may contain a 
number of consecutive encoding regions, to be expressed as 
an operon, for example Where introduction of a foreign 
biochemical pathWay into plastids is desired for metabolic 
engineering or gene stacking. Plastid expression constructs 
of this invention is linked to a construct having a DNA 
sequence encoding a selectable marker Which can be 
expressed in a plant plastid. 

[0025] In a preferred embodiment, transformation vectors 
for transfer of the construct into a plant cell include means 
for inserting the expression and selection constructs into the 
plastid genome. This preferably comprises regions of 
homology to the target plastid genome Which ?ank the 
constructs. 

[0026] The chloroplast vector or constructs of the inven 
tion preferably include a universal chloroplast expression 
vector Which is capable of importing a desired trait to a 
target plant species. Such a vector is competent for stably 
transforming the chloroplast genome of different plant spe 
cies Which comprises an expression cassette Which is 
described further herein. Such a vector generally includes a 
plastid promoter region operative in said plant cells chloro 
plast, a gene Which is linked to a multi-gene operon Which 
includes an ORF Which codes for a putative chaperonin 
Which facilitates the folding of the protein to form pro 
teolytically stable cuboidal crystals. Preferably, one or more 
DNA sequences of interest to be expressed in the trans 
formed plastids. 

[0027] The invention provides also a plastid vector com 
prising of a DNA construct. The DNA construct includes a 
5‘ part of a plastid DNA sequence inclusive of a spacer 
sequence; a promoter that is operative in the plastid; at least 
a heterologous DNA sequence encoding multiple peptides of 
interest; a gene that confers resistance to a selectable 
marker; a multi-gene operon; a transcription termination 
region functional in the target plant cells; and a 3‘ part of the 
plastid DNA sequence inclusive of a spacer sequence. The 
DNA construct is ?anked by DNA sequences Which are 
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homologous to the spacer sequence of the target plastid 
genome. The plastid is preferably a chloroplast. The vector 
preferably includes a ribosome binding site and a 5‘ untrans 
lated region (S‘UTR). Apromoter operative in the green and 
non-green plastids is to be used in conjunction With the 
S‘UTR, 

[0028] The invention provides a promoter that is operative 
in the green and non-green plastids of the target plant cells 
such as the psbA promoter, rbcL promoter, atp[3 promoter 
region, accD promoter, and the 16SrRNA promoter. 

[0029] The invention provides a gene, Which can be a 
mutant gene, that confers resistance, such as antibiotic 
resistance, to a selectable marker like the aadA gene. 

[0030] The invention provides a cassette Which can be 
modi?ed to include a selectable marker, a gene encoding the 
chaperonin and any desired heterologous gene. Such appli 
cations Will be bene?cial for the high level production in 
plants of other desired protein products as Well 

[0031] Further, the invention preferably provides a three 
gene insecticidal Bacillus thuringiensis (Bt) operon Which 
shoWs operon expression and crystal formation via the 
chloroplast genome. The operon comprises of three operably 
linked components Which operate in concert as a biosyn 
thetic pathWay: a distal gene Which codes for a insecticidal 
protein and tWo open reading frames (ORE). The tWo ORFs 
code for at least one molecule of interest and at least one 
chaperonin to assist in the folding of the insecticidal protein. 
The molecule of interest of this operon can be a peptide, an 
enZyme, a selectable marker, or a bio-pharmaceutical, 
including monoclonals. 

[0032] This invention also provides for other three-gene 
operons, particularly insecticidal operon or the Cry2Aa2 
operon. This invention also provides for operons of the Cry 
or Cyt series. 

[0033] An operon of this invention further provides that 
the second ORF (ORF2) codes for a putative chaperonin. A 
chaperonin is a molecule Which facilitates the folding and 
assembly of proteins to form functional proteolytically 
stable cuboidal crystals. The ORF2 is operably linked to a 
gene encoding the insecticidal protein. The invention pro 
vides a bacterial chaperonin that is capable of facilitating the 
folding and assembly of insecticidal proteins. 

[0034] This invention also provides crystaliZed insecti 
cidal proteins such as o-endotoxin proteins, Cry proteins 
such as the Cry2Aa2 proteins, or Cyt proteins. 

[0035] In accordance of the invention, the introduction 
blocks of foreign genes in a single operon Would avoid 
complications inherent in nuclear transformation such as 
position effect and gene silencing in putting one gene at a 
time into random locations in the nuclear genome. Repeated 
use of a single promoter causes gene silencing (De Wilte, C. 
et. al. 2000). Cloning several genes into a single T-DNA 
does not avoid the compounded variable expression problem 
encountered in nuclear transgenic plants. This invention 
shoWs that a bacterial operon can be expressed in a single 
integration event. Expression of multiple genes via a single 
transformation event opens the possibility of expressing 
foreign pathWays or pharmaceutical proteins involving mul 
tiple genes. 
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[0036] The invention provides for the demonstration of 
expression of a bacterial operon or polycistrons in transgenic 
plants and opens the door to engineer novel pathWays in 
plants in a single transformation event. 

[0037] The invention provides a single vector or construct 
(or cassette) Which encodes more than one heterologous 
protein product. This embodiment of the invention provides 
that a heterologous DNA fragment that is introduced into a 
universal vector encodes more than one gene. In one 

example shoWn, this invention discloses, the DNA encodes 
an operon of three genes and produces proteins from at least 
tWo genes, one of those genes encode a protein and a 
chaperone protein. This aspect of the invention—to co 
expressing multiple genes—is bene?cial if one skilled in the 
art desires to introduce a biosynthetic pathWay that com 
prises multiple steps into plants. For example, a three step 
synthesis of a desired compound might require three differ 
ent enZymes. A single transformation Will generate a recom 
binant plant possessing all three heterologous enZymes 
Which can function in concert to produce the desired prod 
uct. 

[0038] Thus another embodiment of the invention relates 
to the maximal production of a heterologous protein by 
co-expressing it With another polypeptide that induces crys 
talliZation of said protein. This aspect of the invention 
provides the yield of heterologous gene expression is greatly 
enhanced if the desired protein is in crystal form in the 
transformed plant. The increased yield is because the crystal 
form of the proteins protected them from cellular proteases. 
This is accomplished by co-expressing the desired gene With 
a second gene encoding a chaperonin that directs crystalli 
Zation. 

[0039] Also, formation of crystals of foreign proteins 
opens a simple method of puri?cation via centrifugation. 
Plants transformed With the cry2Aa2 operon of the invention 
shoW a large accumulation and improved persistence of the 
expressed insecticidal protein(s) throughout the life of the 
plant. This is most likely because of the folding of the 
insecticidal protein into cuboidal crystals, there by protect 
ing it from proteases. This is an environmentally friendly 
approach because folded crystals improve the safety of the 
Bt transgenic plants. In contrast to currently marketed trans 
genic plants that contain soluble CRY proteins, folded 
protoxin crystals Will be processed only by those target 
insects that have high alkaline gut environment In addition, 
absence of insecticidal protein in transgenic pollen elimi 
nates toxicity to non-target insects via pollen. Expression of 
the cry2Aa2 operon in chloroplasts provides a model system 
for hyper-expression of foreign proteins in a folded con?gu 
ration enhancing their stability and facilitating single step 
puri?cation. This is the ?rst successful demonstration of 
expression of a bacterial operon in transgenic chloroplast 
plants. 

[0040] The invention provides a model system for large 
scale production of foreign protein Within chloroplasts in the 
folded con?guration enhancing their stability and facilitat 
ing single-step puri?cation, for example, biopharmaceuti 
cals such as human serum albumin (HSA) and insulin. 

[0041] All knoWn methods of transformation can be used 
to introduce the vectors of this invention into target plant 
plastids including bombardment, PEG Treatment, Agrobac 
terium, microinjection, etc. 
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[0042] The invention provides transformed crops, like 
solanaceous plants (monocotyledonous and dicotyledon 
ous). Preferably, the plants are edible for mammals, includ 
ing humans. 

[0043] The invention provides target Bt transgenic plants 
Which are likely to shoW a more stable protein expressed at 
high levels in the chloroplast throughout the groWing sea 
son. It should increase toxicity of Bt transgenic plants to 
target insects and help eliminate the development of Bt 
resistance. The invention provides an example of the 
cry2Aa2 bacterial operon is expressed in tobacco chloro 
plasts to test the resultant transgenic plants for increased 
expression and improved persistence of the accumulated 
insecticidal protein(s). 

[0044] The invention provides transformed plants includ 
ing leaves Which accumulated a high percent of total soluble 
protein (close to 50%) in mature leaves and remain stable 
even in old bleached leaves. 

[0045] The invention provides transformed plants Which 
are resistant to dif?cult-to-control insects, like cotton boll 
Worm, Which Were killed 100% after consuming transgenic 
leaves. The invention also provides plants Which contain 
insecticidal protein fold into cuboidal crystals. Plants Which 
contain protoxin crystals, Which Will be processed only by 
target insects that have high alkaline gut environment, Which 
should improve safety of Bt transgenic plants. Also, plants 
are free of insecticidal proteins in transgenic pollen, Which 
eliminates toxicity to non-target insects via pollen such as 
Monarch butter?y larvae. The invention provides electron 
microscopic proof of the presence of the cuboidal crystals 
inside the chloroplast. 

[0046] The invention also provides an environment 
friendly approach to engineering insect resistance to plants 
because folded crystal products improve the safety of the Bt 
transgenic plants Which Will be edible consume, mammals, 
including humans. 

[0047] In another embodiment of the invention provides 
heterologous DNA sequences Which mediate resistance to 
(a) heavy metal in transgenic plants or plant cells Which 
express these coding sequences encoding metal ion reduc 
tases and (b) organomercurial compounds in transgenic 
plants or plant cells Which express the coding sequence 
encoding organomercury lyase. Preferably the coding 
sequence is that of merA (Which encodes mercuric ion 
reductase) and merB (Which encodes organomercury lyase). 

[0048] The present invention provides a chloroplast uni 
versal vector Which contains a Mer operon containing metal 
resistance coding sequences operably linked to transcrip 
tional and translational control sequences Which are func 
tional in the chloroplast in target plants. Preferably the 
coding sequence is that of merA and merB. Also, the present 
invention provides transgenic plant cells, plant tissue and 
plants Whose chloroplast has been modi?ed to contain and 
express tWo metal resistance coding sequences operably 
linked to transcriptional and translational control sequences 
Which are functional in the chloroplast of target plants. 
Preferably the coding sequences are that of merA and merB. 
Also provided by the present invention are methods for 
effecting metal resistance inplants by stably transforming a 
plant to contain and express tWo heterologous DNA 
sequences encoding metal resistance operably linked to 
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transcriptional and translational control sequences Which are 
functional in the chloroplasts of target plants. Preferably the 
coding sequence is that of merA and merB. 

[0049] The present invention are methods for effecting 
metal resistance in plants by stably transforming a green 
algae or cyanobacteria to contain and express tWo heterolo 
gous DNA sequences encoding metal resistance operably 
linked to transcriptional and translational control sequences 
Which are functional in the target green algae or cyanobac 
teria. Preferably the coding sequence is that of merA and 
merB. 

[0050] A further object of the invention are transgenic 
plants, algae and bacteria Which contain and express metal 
resistance and organomercurial compound resistance coding 
sequences. 

[0051] Other embodiments of the invention are described 
in greater detail hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] FIG. 1 shoWs (a) Chloroplast expression vector 
pLD-BD Cry2Aa2 operon (9.8 kb) With PCR primer landing 
sites and expected fragment siZes. PCR analysis of untrans 
formed and putative chloroplast transformants using tWo 
primer sets: (b) 1P1M; and (c) 3P3MN Lane 1: 1 kb ladder; 
Lane 2: untransformed; Lanes 3-7: pLD-BD Cry2Aa2 
operon putative transformants; Lane 8: pLD-BD 
Cry2Aa2operon plasmid DNA. 

[0053] FIG. 2 shoWs the Southern blot analysis of T0 and 
T1 generations. A. The 0.81 kb probe BamH1-Bglll fragment 
containing the chloroplast ?anking sequence. Untrans 
formed plants generate a 4.47 kb fragment. B. Vector map 
shoWing Cry2Aa2 operon transformed 32P labeled frag 
ments of 8.42 kb and 1.42 kb. C. Lane 1: 1 kb ladder; Lane 
2: untransformed; Lanes 3-7; T0 transgenic lines; Lanes 8-9: 
T1 transgenic lines. 

[0054] FIG. 3 shoWs the 10% SDS-PAGE gel stained With 
R-250 Coomassie Blue. Loaded protein concentrations are 
provided in parenthesis. Lanes 1: prestained protein stan 
dard; Lane 2: partially puri?ed Cry2Aa2 protein from E. 
Cali (5 pg); Lane 3: Single Gene derived Cry2Aa2 pellet 
extract solubiliZed in 50 mM NaOH (22.4 pg); Lane 4: 
Single Gene derived Cry2Aa2 supernatant (66.5 pg); Lane 
5: Operon Derived Cry2Aa2 supernatant (58.6 pg); Lane 7: 
untransformed tobacco pellet extract solubiliZed in 50 mM 
NaOH (29.8 pg); Lane 8: untransformed tobacco superna 
tant (30.4 pg). Colored compounds observed in the super 
natant of transgenic plants interfered With the DC Bio-Rad 
protein assays but not in the pellet. 

[0055] FIG. 4 shoWs the quanti?cation of Single Gene 
derived Cry2Aa2 and Operon Derived Cry2Aa2 proteins by 
ELISA as a percentage of total soluble protein in young, 
mature, and old transgenic leaves. A: Single Gene derived 
Cry2Aa2 expression shoWn as a percentage of total soluble 
protein. B: Operon derived Cry2Aa2 expression shoWn as a 
percentage of total soluble protein. 

[0056] FIG. 5 shoWs the insect bioassays of untrans 
formed tobacco leaves (A,D,G), Single Gene derived 
Cry2Aa2 transformed leaves (B,E,H) and Operon Derived 
Cry2Aa2 transformed leaves (C,F,I). A, B, C: bioassays With 
H. virescens; D, E, F: bioassays With H. Zea; G, H, I: 
bioassays With S. exigua. 
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[0057] FIG. 6 shoWs the electron micrographs of Operon 
Derived Cry2Aa2 leaf sections in young (A), mature (BD) 
and old, bleached leaf Single Gene derived Cry2Aa2 
mature leaf (E), mature untransformed leaf 

[0058] FIG. 7 shoWs the phenotypes of untransformed (A) 
or transformed With the cry2Aa2 gene (B) or cry2Aa2 
operon 

[0059] FIG. 8 shoWs a pLD-merAB chloroplast vector 

[0060] FIG. 9 shoWs transformed E. Coli groWn in 100 
pm HgCl2. Transformed E. coli cells containing the vectors 
pLD-merAB and pLD-MerAB-3‘UTR groWn in LB at dif 
ferent concentrations of HgCl2. Plates shoW transformed 
cells groWing at 100 pM HgCl2. No groWth Was observed in 
the control. 

[0061] FIG. 10 shoWs chloroplast transgenic plants. A: 
Transgenic plant shoot induction in RMOP With 500 pig/ml 
Spec. B: Transgenic plant root induction in MSO With 500 
pig/ml Spec. C: Transgenic plant groWn in soil. 

[0062] FIG. 11 shoWs integration of the mer operon into 
the chloroplast genome. A: PCR using speci?c primers that 
land in the gene cassette (SP/2M) shoW a product of 3.8 kb 
siZe (clones2, 4, 5, 7, 9, 11). Clones 1 and 3 shoW no 
integration of the cassette. Positive control, is plasmid 
pLD-merAB-3‘UTR. Negative control is untransformed 
plant DNA. B: PCR using speci?c primers that land Within 
the native chloroplast genome (3P/3M), eliminate mutants 
(clone 3), shoWing integration of the cassette into the 
chloroplast genome (clones: 1, 2, 4, 5, 6, 7,9, 11. 1.6 kb PCR 
product). 
[0063] FIG. 12 shoWs the Chlorella vulgaris vector con 
struct. 

[0064] FIG. 13 shoWs the Synechocystis vector construct. 

[0065] FIG. 14 shoWs the Lemna vector construct. 

[0066] FIG. 15 shoWs the Sugarcane vector construct. 

[0067] FIG. 16 shoWs con?rmation of Lemna vector 
construct. 

[0068] FIG. 17 shoWs con?rmation of Sugarcane vector 
construct. 

[0069] FIG. 18 shoWs other vectors suitable for operon 
expression. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0070] This invention is related to transformation of the 
plastid genome applicable to all plastids of plants. These 
include chromoplasts Which are present in the fruits, veg 
etables and ?oWers; amyloplasts Which are present in tubers 
like the potato; proplastids in roots; leucoplasts and etio 
plasts, both of Which are present in non-green parts of plants 

[0071] The invention provides in one aspect a single 
vector or construct Which encodes more than one heterolo 

gous protein product. The second aspect of the invention 
relates to the maximal production of a heterologous protein 
by compressing it With another polypeptide or a chaperone 
that induces crystalliZation of said protein. 

[0072] The ?rst aspect of the invention provides that a 
heterologous DNA fragment that is introduced into a plastid 
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