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    Abstract  

  Transplastomics are developed predominantly 
for biotechnological applications since heter-
ologous proteins can be expressed to high lev-
els with  bona fi de  structures and because of 
maternal inheritance of tailored traits in most 
of cultivated plants as rare gene leakage 
through pollens is experimentally witnessed. 
Further, advances in plastome sequencing and 
research have been exponential in the post-
genomic era; hence, expressing multiple genes 
to develop biologically functional pharmaceu-
ticals under strong promoters and translation 
control elements in operons is made possible. 
This chapter summarizes the developments 
from plastid genomics to gene expression and 
briefl y describes how transplastome facilitates 
expression of vaccines, therapeutics, and plan-
tibodies, in addition to tailoring agronomic 
traits in plants.  
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        The Chloroplast Genome 

 Chloroplasts develop either from proplastids in 
meristematic tissues or from other differentiated 
plastids, such as chromoplasts, amyloplasts, and 
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leucoplasts, on exposure to light. In a fully devel-
oped leaf cell, there may be as many as 100 chlo-
roplasts, each with about 100 copies of the plastid 
genome, giving in total ~10,000 copies of the 
plastid genome per cell. Although, the plastid 
genome is very small with respect to the nuclear 
genome, it makes about 10–20 % of the total cel-
lular DNA content because only two copies of 
nuclear genome exist in a diploid plant cell while 
it contains thousands of copies of plastid genome, 
thus extraordinarily increasing the ploidy level of 
the plastid genome: 50,000 copies of plastid 
DNA in a wheat leaf and 10,000 copies of plastid 
DNA in a single pea leaf (Bendich  1987 ). The 
chloroplast genome is a unique and double- 
stranded circular molecule of DNA which varies 
in size from 120 to 220 kb depending on the plant 
species (Palmer  1991 ; Sugiura et al.  1986 ; 
Sugiura  1992 ). The observed difference in size 
between different plastid DNA molecules is 
mainly due to the length of the inverted repeats. 
Two copies of a large inverted repeat (Palmer and 
Thompson  1982 ) divide the genome into four 
segments: the repeats, a small single-copy region, 
and a large single-copy region. 

 The complete nucleotide sequences of plastid 
DNA have been reported for a number of 
 organisms, disclosing an enormous amount of 
functional and evolutionary information. The 
gene order in the tobacco chloroplast genome is 
perhaps the representative of land plants (Sugiura 
 1995 ). The chloroplast genomes encode about 30 
transfer RNAs; 23S, 16S, 5S, and 4.5S ribosomal 
RNAs; about 21 ribosomal proteins; and 4 sub-
units of RNA polymerase. These RNAs together 
with ribosomal proteins enable the plastid to syn-
thesize its own proteins. The chloroplast genome 
also encodes 30 proteins required for proper 
assembly of thylakoid complexes (Sugiura  1992 ) 
and the large subunit of Rubisco which catalyzes 
the fi rst reaction in the pathway of carbon fi xa-
tion. In addition, a set of eleven genes referred to 
as chlororespiratory genes, which resemble the 
genes for the respiratory chain NADH dehydro-
genases in mitochondria, is found in the chloro-
plast genome. The genes  clpP  and  accD  encoding 
a putative subunit of an ATP-dependent protease 
and a subunit of acetyl-CoA carboxylase, respec-

tively, have been identifi ed by homology to  E. 
coli  proteins (Gray et al.  1990 ; Li and Coronan 
 1992 ). Genes required for light-independent con-
version of protochlorophyllide to chlorophyllide 
have been identifi ed in the chloroplast genome of 
black pine (Wakasugi et al.  1994 ; Khan  2013 ). In 
addition, all chloroplast genomes contain open 
reading frames (ORFs), some of which are con-
served between species (Shimada and Sugiura 
 1991 ). The conserved ORFs have been called 
 ycfs ;  y  stands for hypothetical,  c  for chloroplast, 
and  f  for open reading frame. In recent years, 
most of these  ycfs  have been functionally ana-
lyzed through reverse genetics approaches.  

    The Chloroplast Genomics 

 Research on chloroplast genomics can be carried 
out at complete genome sequencing and func-
tional genomics levels. The sequencing of the 
chloroplast genome of tobacco was commenced 
in the 1970s and completed in 1986. Based on 
complete nucleotide sequence information of 
tobacco plastome, initially 82 different genes 
from the tobacco chloroplast genome were iden-
tifi ed. However, during the past 15 years, 31 
additional genes have been identifi ed, with only 
two genes per year (Wakasugi et al.  2001 ). This 
illustrates clearly that the identifi cation of novel 
genes is an extremely strenuous task, requiring 
creative experimental approaches. 

 Complete sequences of two chloroplast 
genomes of liverworts  Marchantia polymorpha  
and the angiosperm plant  Nicotiana tabacum  
were the fi rst targets for chloroplast functional 
genomics (Ohyama et al.  1986 ; Shinozaki et al. 
 1986 ). Striking similarities of chloroplast 
genomes with bacterial genomes (Schwarz and 
Kossel  1980 ) illustrate the prokaryotic origin of 
chloroplasts. Hence, based on sequence homol-
ogy of chloroplast genes with bacterial genes, 
many plastid open reading frames were assigned 
with tentative functions. Nevertheless, the func-
tions of those potential plastid genes that lack 
signifi cant homology with known prokaryotic 
genes remained indescribable. For detailed func-
tional analyses of plastid genes, reverse genetics 
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analysis is considered to be the most powerful 
tool in chloroplast functional genomics. 

 Since chloroplasts have acquired active 
homologous recombination and copy correction 
mechanisms (Cerutti et al.  1992 ), hence design-
ing gene deletion or insertion or mutation cas-
settes and targeting the chloroplast genome 
exploiting chloroplast transformation approaches, 
the remaining  ycfs /genes have been identifi ed 
(Kuroda and Maliga  2002 ; Khan et al.  2007 ). 
Hence, the transformation technologies for chlo-
roplasts (Boynton et al.  1988 ; Svab et al.  1990 ; 
Svab and Maliga  1993 ) have paved the way for 
addressing functional aspects of plastid genes 
and open reading frames by reverse genetics. 
Two model plants are being extensively exploited 
for chloroplast transformation technologies for 
reverse genetics studies, the unicellular green 
alga  Chlamydomonas reinhardtii  (Boynton et al. 
 1988 ) and  Nicotiana tabacum  (Svab et al.  1990 ; 
Svab and Maliga  1993 ). Reverse genetics tech-
nique works on two principles: (1) introduction 
of point mutations by site-directed mutagenesis 
of plastid genes and (2) inactivation of plastid- 
encoded genes by insertional or deletional muta-
genesis (“gene knockout”). Using standard 
reverse genetics approaches based on homolo-
gous recombination, a number of genes and open 
reading frames have been targeted for their func-
tions, including PSI, PSII, ndh, rpo, Ori, accD 
genes, and ycfs. However, some other approaches 
have also been employed that utilize copy correc-
tion and Cre/Lox systems to analyze plastid 
genes of unknown functions (Khan et al.  2007 ; 
Kuroda and Maliga  2003 ). 

 During functional genomics era, the mecha-
nism of chloroplast gene expression has been the 
most interesting target to manage, but recently it 
is revealed that chloroplast gene expression is 
much more complex than previously thought, 
because there are multiple classes of promoters 
and RNA polymerases, multiple RNA processing 
steps (RNA cleavage/trimming,  cis/trans  splic-
ing, RNA editing, and RNA stability), and mul-
tiple mechanisms for translational initiation 
(reviewed in Sugiura et al.  1998 ). In vitro sys-
tems supporting accurate transcription (Kapoor 
and Sugiura  1999 ), translation (Hirose and 

Sugiura  1996 ,  1997 ), and RNA editing (Hirose 
and Sugiura  2001 ) are now available from 
tobacco chloroplasts. These systems together 
with tobacco chloroplast transformation tech-
niques (Svab and Maliga  1993 ; Khan and Maliga 
 1999 ) will provide powerful tools to elucidate 
further gene expression processes and nuclear 
factors responsible for chloroplast genome 
expression.  

    The Chloroplast Gene Expression 

 The chloroplast gene expression has many simi-
larities to the gene expression in prokaryotes 
(Igloi and Kössel  1992 ; Gruissem and Tonkyn 
 1993 ). Two separate RNA polymerases, the 
plastid- encoded plastid RNA polymerase (PEP) 
and the nuclear-encoded plastid RNA polymerase 
(NEP), are responsible for transcribing the plas-
tid genes. The photosynthesis genes are tran-
scribed by an RNA polymerase containing 
plastid-encoded subunits homologous to α, β, and 
β’ subunits of  E. coli  RNA polymerase (Shinozaki 
et al.  1986 ; Sijben-Muller et al.  1986 ; Ruf and 
Kossel  1988 ; Purton and Gray  1989 ). PEP pro-
moters are similar to eubacterial δ  70 -type pro-
moters: the core is comprised of two hexameric 
sequences corresponding to the eubacterial −35 
(TTGACA) and −10 (TATAAT) promoter ele-
ments. The hexamer are spaced 17–19 nucleo-
tides apart and transcription initiation 5–7 
nucleotides downstream of the −10 box sequence 
(as recorded in Gruissem and Tonkyn  1993 ). 

 The activity of RNA polymerase was charac-
terized in its soluble and DNA-bound forms 
(Igloi and Kössel  1992 ; Gruissem and Tonkyn 
 1993 ), and the expression of the  rpo  genes was 
confi rmed by detection of corresponding sub-
units in highly purifi ed enzyme preparations 
from maize chloroplasts (Hu and Bogorad  1990 ; 
Hu et al.  1991 ) and by Western blotting of 
extracts from spinach chloroplasts (Briat et al. 
 1987 ). Evidence for the expression of the  rpo  
genes in the form of the corresponding RNA 
(Hudson et al.  1988 ; Ruf and Kossel  1988 ) and of 
specifi c proteins in soluble chloroplast extracts 
(Ruf and Kossel  1988 ; Purton and Gray  1989 ) 
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confi rmed that the core subunits of a chloroplast 
RNA polymerase are encoded in the chloroplast 
genome. Further, the δ  70 -like factors required for 
promoter recognition (Tiller et al.  1991 ) are 
encoded in the nucleus (Tanaka et al.  1997 ). 

 The other polymerase, the NEP is related to 
the mitochondria and phage-type T3/T7 RNA 
polymerases (Lerbs-Mache  1993 ). PEP is derived 
from the RNA polymerase of the ancestral bacte-
rium. It is assumed that the phage-type plastid 
RNA polymerase evolved by duplication of the 
nuclear gene encoding the mitochondrial enzyme 
and retargeting of the gene product to plastid 
(Hedtke et al.  1997 ). Several plastid promoters 
have been shown to direct the transcription of 
genes in prokaryotic cells (Thompson and Mosig 
 1988 ). Transcript levels from these promoters 
were decreased by cycloheximide, a cytoplasmic 
protein synthesis inhibitor, providing further evi-
dence for a non-consensus-type plastid promoter 
(Kapoor et al.  1997 ). More recently, it has been 
shown that many plastid genes and operons have 
at least one promoter each for  E. coli -like RNA 
polymerase and nuclear-encoded plastid RNA 
polymerase (Hajdukiewics et al.  1997 ). 

 Transcription of plastid genes by one or both 
RNA polymerases refl ects their function. PEP 
transcribes Photosystem I and II genes; therefore, 
it plays an important role in chloroplast gene 
expression. In the absence of the PEP, non- 
photosynthetic proplastids are still maintained 
indicating that essential housekeeping genes are 
transcribed by the NEP. Indeed, most non- 
photosynthetic genes have promoters for both 
RNA polymerases. Only a few genes are known 
to be transcribed exclusively from an NEP pro-
moter,  accD , encoding a subunit of the acetyl- 
CoA carboxylase in dicots (Hajdukiewics et al. 
 1997 ). It is assumed that the phage-type plastid 
RNA polymerase evolved from the mitochondria 
enzyme (Hedtke et al.  1997 ) and the transcription 
of PEP genes by the NEP was probably a critical 
step in the nucleus indirectly taking control of the 
transcription of plastid genes, thereby fully inte-
grating plastids in multicellular plants (Shiina 
et al.  2005 ). 

 Reproducible chloroplast transformation 
approaches have facilitated the study of chloro-

plast gene expression elements including pro-
moters and UTRs (Untranslated Regions) 
analyzed by fusing with reporter genes (Monde 
et al.  2000 ; Khan and Maliga  1999 ). Heterologous 
translation-enhancing sequences, for example, 
bacteriophage T7 gene  10  leader sequence known 
to promote high-level protein accumulation in 
bacteria (Studier et al.  1990 ), have been fused 
with reporter genes, and Western blot analyses 
revealed the accumulation of ~16 to 18 % of total 
soluble proteins (Kuroda and Maliga  2001 ; Khan 
and Maliga  1999 ). Further studies have con-
fi rmed this where translational fusion of the 14 
N-terminal amino acids of the chloroplast  rbcL  
and  atpB  genes to a reporter sequence resulted in 
different levels of reporter protein accumulation, 
but they are not attributable to differences in tran-
script abundance. Furthermore, silent mutations 
in the fused N-terminal coding sequences were 
found to decrease reporter protein accumulation 
without infl uencing RNA level (Kuroda and 
Maliga  2001 ).  

    The Transplastomics in Outline 

 Chloroplast transformation henceforth will be 
referred to as a plastid transformation since chlo-
roplasts are developed from other plastid types, 
as described earlier. The chloroplast transforma-
tion is carried out either by targeting plastids in 
dividing cells or mature cells of fully expanded 
leaves. Plastid transformation vectors are deriva-
tives of  E. coli  plasmids with cloned plastid DNA 
sequences that fl ank both sides of a selectable 
marker gene and gene/s of interest with cloning 
sites. The fl anking sequences serve as targeting 
regions that catalyze the integration of the marker 
gene and the gene of interest into the plastid 
genome at a predetermined site by two events of 
homologous recombination. Since the backbone 
of the vector that carries  E. coli  DNA sequences 
does not carry any plastid replication origin, 
hence it is subsequently lost (Maliga  2004 ). 

 The genetic transformation of plastid genome 
requires (1) a method to deliver the DNA of the 
plastid transformation vector through the cell 
wall, the plasma membrane, and the double 
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membranes of the organelle, (2) a plastid-specifi c 
selectable marker gene to promote sorting of 
transformed and wild-type genome copies, and 
(3) a highly effi cient tissue culture system. To 
date, the particle bombardment, a physical 
method of gene delivery, is widely used to engi-
neer plastid genomes in a number of plant species 
(Daniell et al.  2002 ; Bock and Khan  2004 ; Khan 
et al.  2011 ). In the method, DNA is coated onto 
the surface of the inert metal particles, which are 
subsequently placed onto the surface of the mac-
rocarriers. The macrocarriers are placed along 
with a stopping screen in the macrocarrier assem-
bly. A rupture disk of appropriate pressure, nor-
mally of 1,100 psi, is used to develop the pressure 
that propels the particles down toward the parti-
cles carrying a macrocarrier. The particles hit the 
surface of the target leaf with a velocity opti-
mized for high transformation effi ciencies. The 
bombarded leaves are then placed in the dark. 
Leaves are cut into small pieces and placed on 
antibiotic-containing regeneration medium after 
48 h of bombardments. Antibiotic-resistant 
shoots start appearing within 4–6 weeks of bom-
bardment. Tiny shoots are excised from the 
bleached leaf sections and shifted to jars for pro-
liferation; leaves from the proliferated shoots are 
either for genetic analysis or for further round of 
selection and regeneration to purify the trans-
formed genome from wild-type genomes. During 
the process, sorting at genome, plastid, and cell 
levels is carried out, and the purifi ed homoplas-
mic shoots for transgene are identifi ed for further 
analyses as per designed experiments. 

 Genetic markers are either lethal or nonlethal 
markers used for primary selection of transfor-
mation events. These genetic markers provide 
resistance against spectinomycin, streptomycin, 
and kanamycin which inhibit protein synthesis 
on prokaryotic-type plastid ribosomes. These 
drugs inhibit greening, faster proliferation, and 
shoot formation in tobacco culture, which are the 
selection parameters to identify transplastomic 
clones on a selective medium. Spectinomycin 
selection is nonlethal that is widely used in select-
ing the transformed cells. However, kanamycin 
selection is a lethal selection that has also been 
used for the selection of transplastomic lines 

(Carrer et al.  1993 ). The  aadA  that encodes ami-
noglycoside 3′′-adenylyltransferase and confers 
resistance to spectinomycin or streptomycin 
(Goldschmidt-Clermont  1991 ; Svab et al.  1990 ), 
the  neo  gene that encodes neomycin phos-
photransferase II (Carrer et al.  1993 ) and confers 
resistance to kanamycin, and the  aphA-6  gene 
that encodes aminoglycoside phosphotransferase 
and confers resistance to kanamycin and amika-
mycin (Bateman et al.  2000 ) are commonly used 
selectable marker genes. 

 In addition to selectable markers, reporter 
genes also contribute to the development of the 
technology by serving as tools for visual moni-
toring of transgene expression in transformed 
cells, tissues, and organisms. A number of genes 
have been used to study gene expression in plants, 
e.g., the genes encoding β-glucuronidase, GUS 
( uid A) and β-galactosidase ( lac Z), chloramphen-
icol acetyltransferase  (cat)  and neomycin phos-
photransferase ( nptII ), nopaline synthase ( nos ), 
octopine synthase ( ocs) , and luciferase ( luc) , as 
reporter genes. Of these,  uidA  has been expressed 
transiently (Seki et al.  1995 ) and stably in tobacco 
chloroplasts (Staub and Maliga  1994 ). However, 
histochemical detection of GUS in chloroplasts 
requires prolonged incubation because the chlo-
roplast envelope membranes act as a selective 
barrier to substrate penetration into the chloro-
plasts. The use of nontoxic marker to identify 
transgenic cells after transformation is an effec-
tive procedure for discerning transformed cell/
organs and removing untransformed or non- 
expressing cells, tissues, or organs. Several chlo-
roplast promoters have been shown to direct the 
transcription initiation of reporter genes in 
 prokaryotic cells (Thompson and Mosig  1988 ). 
The green fl uorescent protein  (gfp)  of the jelly-
fi sh,  Aequorea victoria , has been introduced as a 
reporter gene in plants (Khan and Maliga  1999 ). 
The  gfp  provides an easily scored genetic marker 
in plants and major uses in monitoring gene 
expression, protein localization, and screening of 
transformation events at high resolution. It allows 
the direct imaging of the fl uorescent gene prod-
uct in living cells without the need for prolonged 
and lethal histochemical staining procedures 
(Chalfi e et al.  1994 ). The chromophore forms 
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autocatalytically in the presence of oxygen and 
fl uoresces green (508 nm) on absorption of blue 
or UV light of 395 nm. This protein has success-
fully been expressed in  E. coli  and chloroplasts of 
tobacco, potato, and rice (Khan and Maliga  1999 ) 
using chloroplast-specifi c expression signals. In 
a previous study, it was observed that a bacterial 
promoter was able to express reporter gene  gfp  
successfully (Khan  2001 ). The development of a 
gene encoding bifunctional proteins can mini-
mize the use of different set of promoters and ter-
minators and may result in plastid DNA fragment 
deletion through homologous recombination due 
to homology with plastid DNA and physical sep-
aration of genes. Such a gene will facilitate both 
the selection and visual screening of recipient 
cells; therefore, a bifunctional protein was engi-
neered through translational fusion of aa d A and 
 gfp  genes called FLARE-S. This bifunctional 
protein facilitates plastid transformation to rice in 
addition to tobacco, where plastid transformation 
is not associated with a readily identifi able phe-
notype (Khan and Maliga  1999 ).  

    The Transplastomic Biotechnology 

 After the plastid transformation was achieved in 
 Chlamydomonas reinhardtii  (Boynton et al. 
 1988 ) in 1988, a stable chloroplast transforma-
tion was achieved in tobacco using  aadA , a gene 
of bacterial origin, which encodes aminoglyco-
side 3″-adenylyltransferase and confers resis-
tance to spectinomycin and streptomycin (Svab 
and Maliga  1993 ) and a visual reporter gene 
encoding green fl uorescent protein from jellyfi sh 
(Khan  1997 ), which facilitated the extension of 
plastid transformation to nongreen plastids with 
transient (Hibbered et al.  1998 ) and stable expres-
sion (Khan and Maliga  1999 ) of the gene. During 
the period, chloroplast transformation was also 
carried out to study the function of plastid genes 
and to express genes coding for industrially valu-
able enzymes, biomaterials, biopharmaceutical 
proteins, antibodies, antibiotics, vaccine anti-
gens, and genes that confer important agronomic 
traits (Bock  2001 ; Daniell et al.  2002 ; Khan 
 2012 ). Now plastid transformation has been 

established in number of plant species, as detailed 
in Table  1 . Salient examples of biotechnological 
applications of the technology are described in 
the following sections of the chapter.

      Transplastomics Conferring 
Resistance Traits 

 A number of crystal toxin proteins of  Bacillus 
thuringiensis  have been expressed and commer-
cialized through nuclear genomes of plants in the 
recent years, owing to their advantages over tra-
ditional chemical insecticides. However, low lev-
els of expression of toxin proteins have shown 
concerns of developing resistance in feeding 
insects against those toxins. Such evolving levels 
of resistance development in insects may be 
addressed by expressing those proteins from 
chloroplast genomes, known to express transpro-
teins to high levels due to polyploidy of the 
genome (Daniell et al.  2002 ). The chloroplast 
genome was exploited for its biotechnological 
applications for the fi rst time when a native 
 Bacillus  gene was expressed to an unprecedented 
level from tobacco chloroplasts (McBride et al. 
 1995 ), and the plants were extremely toxic to lar-
vae of  Heliothis virescens ,  Helicoverpa zea , and 
 Spodoptera exigua  as demonstrated by the insect 
feeding experiments; there was no need of codon 
optimization of toxin genes since they are of pro-
karyotic origin (Kota et al.  1999 ; De Cosa et al. 
 2001 ). In these experiments, Daniell and col-
leagues reported transgene expression to the level 
of 45 % of the total soluble protein (TSP) when 
the transgene,  cry2Aa2 , was expressed in an 
operon along with two open reading frames, as 
was natively expressed in the  Bacillus , which 
potentially encodes a chaperonin protein, capable 
of correct folding of the toxin protein that ulti-
mately leads toward crystallization of the toxin 
protein inside the chloroplasts (De Cosa et al. 
 2001 ). Hence, exceedingly diffi cult to control 
insects (10-day old cotton bollworm, armyworm) 
were killed 100 % when fed on transgenic 
tobacco leaves, extensively reviewed elsewhere 
(Daniell et al.  2002 ). Encouraged from such 
experiments on model plant tobacco, 
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Dufourmantel et al. ( 2005 ) expressed  cry1Ab  
gene from soybean chloroplasts under the control 
of complete promoter of 16S ribosomal RNA 
gene with few mutations, fused with a ribosome 
binding site (RBS) from the bacteriophage t7 
gene 10 leader (Ye et al.  2001 ) and the 3′ untrans-
lated region of  rbcL  gene from tobacco. 
Transgenic soybean plants showed strong insecti-
cidal activity in velvet bean caterpillars. 

 When it comes to developing transgenic plants 
to fi ght against pathogens, the progress made to 
date is promising for antifungal activity (Cary 
et al.  2000 ); nevertheless, bacteria manage to 
adapt to plant defense mechanisms. Therefore, it 
is needed to express such molecules from plant 
genomes that could bind to the bacterial surface 
and cause their lysis. One of the molecules’ AMP 
(antimicrobial peptide) is an amphipathic alpha- 
helix that can bind to negatively charged phos-
pholipids from outer membranes of bacteria and 
fungi. In a concentration-dependent fashion, 
these molecules aggregate to form pores in the 

membrane and cause microbial lysis. Considering 
the concentration-dependent action of this pep-
tide, it was expressed in tobacco chloroplasts 
reportedly to levels of 21.5–43 % of the total 
soluble protein (De Gray et al.  2001 ) and retained 
biological activity against  Pseudomonas syrin-
gae  and other pathogens. 

 Weeds are a serious threat to crop production, 
competing for food and light. One of the accepted 
strategies to manage weeds is the expression of 
herbicide-resistant genes from plant genomes 
since crops are susceptible to broad-spectrum 
herbicides. Glyphosate is a widely used broad- 
spectrum herbicide that acts as a potent inhibitor 
of the plant aromatic amino acid biosynthetic 
pathway by competitively inhibiting the key 
enzyme 5-enolpyruvylshikimate-3-phosphate 
synthase (EPSPS) and does not distinguish crops 
from weeds, thereby restricting its use. EPSPS is 
a plastid-targeting nuclear-encoded gene in 
plants; hence, the feasibility of expressing the 
gene from plastid genome was explored (Daniell 

   Table 1    Targeting sequences from plastid genomes and the transplastomic plants   

 Crop plants  Targeted tissues  Targeting sites  References 

 Tobacco  Leaves   rbcL-accD   Svab and Maliga ( 1993 ) 
  Arabidopsis   Leaves   trnV-rps12/7   Sikdar et al. ( 1998 ) 
 Rice  Embryogenic cells   trnV-rps12/7   Khan and Maliga ( 1999 ) 
 Potato  Leaves   rbcL-accD   Sidorov et al. ( 1999 ) 

  trnV-3,rps12  
 Tomatoes  Leaves   trnfM-trnG   Ruf et al. ( 2001 ) 
  Lesquerella   Leaves   trnV-rps12/7   Skarjinskaia et al. ( 2003 ) 
 Oilseed rape  Cotyledon petioles   rps7-ndhB   Hou et al. ( 2003 ) 
 Cotton  Embryogenic calli   trnI-trnA   Kumar et al. ( 2004b ) 
 Petunia  Leaves   rbcL-accD   Zubkot et al. ( 2004 ) 
 Carrot  Embryogenic cells   trnI-trnA   Kumar et al. ( 2004a ) 
 Soybean  Embryogenic tissues   trnV-rps12/7   Dufourmantel et al. ( 2004 ) 
 Lettuce  Protoplasts   trnI-trnA   Lelivelt et al. ( 2005 ) 
 Caulifl ower  Protoplasts   rbcL-accD   Nugenta et al. ( 2006 ) 
 Poplar  Calli   trnI-trnA   Okumura et al. ( 2006 ) 
 Cabbage  Leaves   rrn16S-rrn23S   Liu et al. ( 2007 ) 
 Sugar beet  Leaf petioles   rrn16-rps12   De Marchis et al. ( 2009 ) 
 Eggplant  Green stem segments   trnV - 3 ′ rps12   Singh et al. ( 2010 ) 
 Alfalfa  Leaves and calli   trnI-trnA   Wei et al. ( 2011 ) 
 Sugarcane  Embryogenic calli   trnI-trnA   Mustafa ( 2011 ) 
 Wheat  Immature embryos and 

immature infl orescences 
  atpB - rbcL   Cui et al. ( 2011 ) 

Transplastomics: A Convergence of Genomics and Biotechnology



566

et al.  1998 ). In the attempt, a wild-type EPSPS 
gene from petunia was expressed in tobacco, and 
the transgenic plants were reported to be resistant 
to glyphosate 10-fold higher than the lethal con-
centration. In another study,  Agrobacterium  
EPSPS gene (C4) was expressed from tobacco 
chloroplasts, and the plants exhibited tolerance to 
fi eld dose of glyphosate (Ye et al.  2001 ). Pal 
Maliga and colleagues explored the possibility of 
expressing a bacterial gene,  bar , encoding the 
herbicide inactivating phosphinothricin acetyl-
transferase (PAT) enzyme from tobacco chloro-
plasts to confer tolerance to glufosinate (Lutz 
et al.  2001 ). The transgenic plants expressing the 
enzyme to the level of 7 % of the total soluble 
protein conferred fi eld level tolerance to phosphi-
nothricin (PPT), the active ingredient in the 
Liberty (Lutz et al.  2001 ); nevertheless, attempts 
to develop herbicide resistance genes as select-
able markers for chloroplast transformation have 
failed. Reasons are not known why direct selec-
tion of chloroplast transformation events on PPT- 
containing medium has failed since direct 
selection for PPT-resistant nuclear transformants 
in maize (Spencer et al.  1990 ), wheat (Vasil et al. 
 1992 ), rice (Cao et al.  1992 ), barley (Wan and 
Lemaux  1994 ), and sugarcane (Khan et al.  2011 ) 
has been reported.  

    Transplastomics Conferring 
Medicinal Traits 

 The human serum albumin was the fi rst recombi-
nant plant-derived protein expressed from trans-
genic tobacco and potato plants in 1990 (Sijmons 
et al.  1990 ). Since the transgenic crops were 
allowed to cultivate for open fi eld trials in 1992, 
the U S Department of Agriculture approved 
planting of recombinant protein containing trans-
genic crops in every state. In the proof of con-
cept, several therapeutic proteins, including 
growth hormones, cytokines, antibodies, recom-
binant enzymes, and human and veterinary vac-
cines, have been expressed from plants (Twyman 
et al.  2003 ). 

 Resistance conferring proteins have been 
expressed successfully to exceptionally high lev-

els from chloroplast genome of tobacco, repre-
senting an unprecedented opportunity to 
manufacture affordable modern medicines and 
make these available cost-effectively at the world 
level. In a proof of concept, fragment C of the 
tetanus toxin (TetC), which is already known to 
be a good antigen against  Clostridium tetani , the 
causal agent of tetanus, was expressed from the 
tobacco chloroplast genome to levels of 10–25 % 
of the total soluble protein (Tregoning et al. 
 2003 ), using varied gene contents. Similarly, 
promising progress has been made with develop-
ing a chloroplast-based vaccine for anthrax. 
Anthrax is a zoonotic disease transmitted from 
animals to human and is caused by  Bacillus 
anthracis , a gram-positive spore-forming organ-
ism. The virulent strain of  Bacillus anthracis  car-
ries plasmids: pX01 and pX02. Of these plasmids, 
pX01 harbors  pagA ,  lef , and  cya  genes that 
encode protective antigen (PA), lethal factor 
(LF), and edema factor (EF), respectively. None 
of these proteins are toxic when administered 
individually to cells or animals. However, PA in 
combination with EF, known as edema toxin, 
causes edema. Similarly, PA in combination with 
LF forms LT, the lethal toxin, extensively 
reviewed elsewhere (Collier and Young  2003 ). 
The term “protective antigen” is derived because 
of this protein’s ability to elicit a protective 
immune response against anthrax. Considering 
the importance of the subject, Daniell and col-
leagues expressed PA in transgenic tobacco by 
inserting the  pagA  gene into the chloroplast 
genome. Chloroplast integration of the  pagA  
gene was confi rmed by PCR as well as by doing 
Southern blotting. Mature leaves grown under 
continuous illumination contained PA up to 
14.2 % of the total soluble protein. The effi cacy 
of the plant-derived PA was compared with that 
of PA derived from  B. anthracis  in both in vitro 
and in vivo studies (Koya et al.  2005 ), and the 
chloroplast- derived PA was found equally effec-
tive to PA derived from  B. anthracis . 
Posttranslational modifi cations are vital for sev-
eral proteins to be immunogenic; one of the 
examples is the outer surface lipoprotein A 
(OspA) from the pathogenic bacterium  Borrelia 
burgdorferi , which has been used as a vaccine 
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against Lyme disease. Chloroplast-based OspA 
protein together with an adjuvant was subcutane-
ously injected in mice that induced protective 
antibodies at levels that should be suffi cient to 
protect the animals from  B. burgdorferi  (Glenz 
et al.  2006 ). Cholera toxin B (CTB) acts as a 
strong mucosal adjuvant, and its nontoxic B sub-
unit when fused with antigens for mucosal immu-
nization has immunostimulatory effects (Freytag 
and Clements  2005 ). It is therefore encouraging 
that CTB can be expressed to high levels in 
tobacco chloroplasts both alone (Daniell et al. 
 2001 ; Takahashi et al.  2009 ) and as a fusion pro-
tein (Glenz et al.  2006 ). 

 Several chloroplast-derived biopharmaceuti-
cal proteins have been reported. A protein-based 
polymer, GVGVP, that has medical uses such as 
wound coverings, artifi cial pericardia, and pro-
grammed drug delivery, was stably expressed in 
chloroplasts of tobacco (Guda et al.  2000 ). 
Similarly, human somatotropin (hST), a secre-
tory protein, was expressed from chloroplasts in 
a soluble and biologically active form (Staub 
et al.  2000 ). The key use of hST is in the cure of 
hypopituitary dwarfi sm in children; additional 
indications are treatment of Turner syndrome, 
chronic renal failure, and human immunodefi -
ciency virus wasting syndrome. Another impor-
tant therapeutic protein that comprises 
approximately 60 % of the protein in blood serum 
is HSA, prescribed in multigram quantities to 
restore blood volume in trauma and other clinical 
conditions. Early attempts at expressing HSA 
have achieved inadequately low levels of HSA 
(Human Somatotropin, 0.2 % of tsp) in nuclear 
transgenic plants (Farran et al.  2002 ). 
Nevertheless, in chloroplast transgenic plants, 
the expressed protein was harvested to the levels 
of 11.2 % of the total soluble protein (Fernandez- 
San Millan et al.  2003 ). Similarly, attempts have 
been made to express interferon alpha 5 and 2 
genes from chloroplasts, but the expression levels 
were found suboptimal (Nurjis and Khan  2011 ; 
Khan and Nurjis  2012 ), suggesting to reengineer 
the 5′ ends of the genes. 

 Oral delivery of pharmaceuticals expressed 
from chloroplasts required extension of the tech-
nology edible plants. Recently, chloroplast trans-

formation has been developed in potato (Sidorov 
et al.  1999 ), tomato (Ruf et al.  2001 ), and carrot 
(Kumar et al.  2004a ; Usman and Khan, unpub-
lished). A green fl uorescent protein was expressed 
from plastids of all three plants; however, betaine 
aldehyde dehydrogenase (BADH) was also 
expressed from carrot plastids (Kumar et al. 
 2004a ). Thus, transgenes could be expressed 
from fruit chromoplasts, carrot roots, and 
chromoplast- containing plant tissues when rou-
tine plastid transformation protocols become 
available.   

    Perspective 

 Complete chloroplast genome sequencing made 
it possible to compare the chloroplast genome 
sequences with that of bacteria. Based on 
sequence homology of chloroplast ycfs/genes 
with bacterial genes, plastid genes except of 
divergent sequences were assigned functions. 
Nevertheless, these genes were analyzed using 
reverse genetics approaches when the chloroplast 
transformation was developed. Additionally, 
chloroplast transformation made it possible to 
express foreign genes for biotechnological appli-
cations in the sectors of agriculture, industry, 
environment, and health. Contrary to dicotyle-
donous plants, the plastid transformation in 
monocots is at its early development because of a 
number of reasons, explained in details elsewhere 
(Khan  2012 ).     
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