Chapter 10
The Chloroplasts as Platform for
Recombinant Proteins Production

Nunzia Scotti, Michele Bellucci and Teodoro Cardi

Abstract Chloroplasts are a useful platform for the expression of recombinant
proteins in higher plants. Transgenes can be introduced into the plastid genome
(plastome) either by PEG transformation of plant protoplasts, or, more commonly,
by the biolistic method, using leaves or suspension cells. Transgenes are inte-
grated by double recombination events between flanking sequences in the vector
and homologous sequences in the plastome. The genetic engineering of the plas-
tome allows high-level foreign protein expression, site-specific gene integration,
expression of multiple genes as operons, marker gene excision, and transgene con-
tainment. Since the first example of stable plastid transformation in higher plants,
methods for DNA introduction, marker genes and selection strategies, vector
types, and methods for marker excision have been improved. Although the plastids
of some species remain difficult to transform, positive results have been shown for
about 20 species. In this chapter, we summarize the basic structural and expression
features of the plastid genome of higher plants, and discuss the development of a
number of innovative enabling technologies for plastome transformation, the most
recent and significant biotechnological applications, and the future perspectives of
this technology.
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List of Abbreviations

aadA aminoglycoside 3-adenylyltransferase

bar phosphinothricin acetyl transferase gene

ELISA Enzyme-linked immunosorbent assay

HPLC High-performance liquid chromatography

NEP Nucleus-encoded RNA polymerase

PEG PolyEthylene glycol

PEP Plastid-encoded RNA polymerase

PPR Pentatricopeptide repeat

PTMs Post-translation modifications

RPOTmp  Nucleus-encoded RNA polymerase localized in mitochondria and
plastids

RPOTp Nucleus-encoded RNA polymerase localized in plastids

UTRs Untranslated regions

ROS Reactive oxygen species

TSP Total soluble protein

10.1 Introduction

Since the development of methods for the genetic transformation of higher plants
in the early 1980s, a wide number of transgenes have been used in genetic engi-
neering approaches to study basic biological processes or modify agronomic and
physiological traits. First generation of commercially available genetically engi-
neered crops is largely confined to insect and herbicide resistance (Jones 2011).
Nevertheless, many other agronomic/physiological applications are in the pipeline
(Collinge et al. 2010; Cominelli and Tonelli 2010; Ceasar and Ignacimuthu 2012;
Reguera et al. 2012). Last generation transgenic plants have been also proposed
as “green biofactories” for the accumulation of recombinant products (Rojas et al.
2010; Egelkrout et al. 2012).

In most transgenic plants obtained so far, transgenes are introduced into the
nuclear genome of plant cells by either the well-established Agrobacterium-
mediated transformation or direct delivery methods, as the biolistics or the PEG/
electroporation-mediated transformation approaches (Altpeter et al. 2005; Craig
et al. 2005; Meyers et al. 2010). In many cases, however, some concerns have
been raised, calling for the development of innovative technologies. Such con-
cerns include: the optimization of expression level and stability of transgenes and
recombinant proteins (Singer et al. 2012), the containment of transgenes (Husken
et al. 2010), the possibility to transfer or stack multiple genes in order to engi-
neer complex metabolic pathways (Naqgvi et al. 2010; Que et al. 2010), the devel-
opment of methods for “clean” and precise integration of transgenes in the host
genome (Husaini et al. 2011; Wang et al. 2011), the identification of alterna-
tive marker genes for the selection of transformed cells (Manimaran et al. 2011;
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Rosellini 2012), the feasibility of correct posttranslation modifications (PTMs) in
recombinant proteins (Webster and Thomas 2012), and the use of genes only from
sexually compatible sources (Orzaez et al. 2010).

Alternatively to the transformation of the nuclear genome, transgenes can be
introduced into the plastid genome (plastome). Following gene delivery by PEG
transformation of plant protoplasts, or, more commonly, by the biolistic method,
applied to leaf tissues or suspension cells, transgenes are integrated by double
recombination events between flanking sequences in the vector and homologous
sequences in the plastome (Meyers et al. 2010). After transgene integration into one
plastid genome, repeated cycles of cell divisions and shoot regeneration are usually
required to reach homoplasmy (Fig. 10.1). In comparison with the transformation of
the nuclear genome, the genetic engineering of the plastome shows some attractive
advantages, partly responding to concerns mentioned above and including high-level
foreign protein expression, site-specific gene integration, the possibility to transfer
and express multiple genes arranged in native or synthetic operons, and marker gene
excision and transgene containment because of maternal inheritance of plastids in
most crops (Cardi et al. 2010; Meyers et al. 2010; Maliga and Bock 2011). After
the first demonstration in tobacco (Svab et al. 1990), the technology has now been
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Fig. 10.1 Schematic representation of chloroplast transformation in higher plants. From left to
right, a wild-type cell with untransformed plastomes (empty circles); the primary transformation
event with a cell containing only one transformed plastome (filled circle); a heteroplasmic cell
containing both transformed and untransformed plastomes; a homoplasmic cell with uniformly
transformed plastomes. The double recombination events between vector and ptDNA sequences
leading to transformed ptDNA are also shown. The Southern blots below the cells report results
of restriction-digested DNA (obtained from wild type or regenerated plants) hybridized with a
probe homologous to the plastome regions flanking the inserted DNA fragment. Nu nucleus,
Pl plastid, P promoter, T terminator, 7" ptDNA transformed ptDNA, goi, gene of interest, smg,
selectable marker gene
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proved in a relatively large number of plant species belonging to several families,
and for different purposes (Cardi et al. 2010; Maliga and Bock 2011; Maliga 2012).
In this chapter, after reporting some basic structural and expression features of the
plastid genome of higher plants, we discuss the development of a number of innova-
tive enabling technologies for plastome transformation, aiming to overcome some
inherent limitations of the procedure, and the most recent applications.

10.2 Genetic Transformation of the Plastome

The structural and expression features of higher plant plastid genomes have been
recently reviewed (Bock 2007; Barkan 2011; Cardi et al. 2012; De Marchis et al.
2012; Jansen and Ruhlman 2012). Hereafter, only the principal aspects relevant to
recombinant protein expression by plastid transformation are summarized.

10.2.1 Structural Features of the Plastome

The genetic system of the plant cell is organized as a network of compartments
hosting the nuclear DNA (nucleus), the mitochondrial DNA or chondriome
(mitochondria), and the plastid DNA or plastome (plastids). Intercompartmental
exchange of genetic information among these organelles during plant evolu-
tion decisively contributed to the structure of the overall plant genome (Maier
and Schmitz-Linneweber 2004). Plastids arose ~1.5 billion years ago by the
endosymbiotic acquisition of a cyanobacterium and the process of transfer-
ring cyanobacterial genes to nucleus and mitochondria, which is still active both
intracellularly and between species, originated the current plastomes (Jansen
et al. 2011). Plastome displays structural plasticity because the genome molecules
can be arranged in various circular or linear forms, either as monomers or mul-
timers, which are organized as DNA-protein aggregates similar to bacteria nucle-
oids (Bendich 2004; Day and Madesis 2007; Majeran et al. 2012). A plant cell
can harbor tens of plastids, each with several nucleoids, and many identical copies
of the plastome can be packed in one nucleoid. Therefore, plastids have a high
degree of polyploidy and plastome copy number varies with plant development
and tissue type (Bock 2007). Plastid polyploidy, together with a gene-conversion
mechanism, seems to be responsible for the maintenance of the low rates of muta-
tion which characterizes the plastome. Plastid DNA (ptDNA) is largely inherited
maternally, even though paternal and biparental inheritances have been observed
in some cases (Bock 2007). However, even in species with strict maternal inher-
itance, a small percentage of paternal transmission has been described (Thyssen
et al. 2012). Up to now, about 300 records exist for Eukaryota plastid genomes
(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=pla
stid), including many crop plant species.


http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=plastid
http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=plastid
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The plastid genome architecture of embryophytes appears to be highly con-
served (Wicke et al. 2011). The plastome of land plants typically is 120-160 kb
and has a tetrapartite structure, with two copies of a large inverted repeat (IR)
separating a large and a small single copy region, containing 100-120 unique
genes (Bock 2007). Some plants, like legumes, contain no IRs (Shaver et al.
2008; Magee et al. 2010). The plastid-encoded genes can be grouped into three
main functional categories: genes encoding components of the genetic apparatus,
photosynthesis-related genes, and other genes (Bock 2007). A detailed description
of these genes in land plants is given in Wicke et al. (2011).

10.2.2 Expression Features of the Plastome

Variable plastid types are specialized in different metabolic pathways, which
are very important for the whole plant cell physiology. It is predicted that in
Arabidopsis plastids are present from 2,000 to 3,500 proteins, but only for about
1,200 there are clear evidences of plastid localization: less than 100 are plastid
encoded, while the others are nucleus encoded (van Wijk and Baginsky 2011).
Plastid gene expression is a very complex and unique system, regulated at many
steps, mainly posttranscriptional ones, by both nuclear-encoded and plastid-
encoded factors combining eukaryotic and prokaryotic features (Fig. 10.2, Barkan
2011; Cardi et al. 2012).

Plastid genes are organized as single genes or grouped in transcriptional units
(operons), with common promoters and terminators, originating polycistronic
transcripts. However, due to limited ability of 3/-UTR regions to terminate tran-
scription (Cardi et al. 2012), in transplastomic plants, polycistronic transcripts
can originate also in case of independent genes arranged in the same orientation
(Fig. 10.3). Two types of RNA polymerases are responsible for plastid gene tran-
scription: one is a bacterial type, multimeric plastid-encoded polymerase (PEP),
the other is a phage type, monomeric nucleus-encoded polymerase (NEP), which
in dicotyledonous plants is represented by two enzymes (RPOTmp and RPOTp).
According to this classification, the promoters of plastid genes have been divided
into NEP and PEP promoters, but there is not a clear distinction between NEP or
PEP-transcribed genes, because many plastid genes have two or even more pro-
moters and can be transcribed by both RNA polymerases (Liere and Borner 2007).
In addition, six nucleus-encoded sigma factors (SIG1-6) regulate, according to
environmental and developmental cues, transcription initiation mediated by PEP
(Lerbs-Mache 2011; Malik Ghulam et al. 2012).

Plastid primary transcripts can undergo a maturation process involving RNA
editing, intron splicing, intercistronic and mRNA termini processing, and mRNA
stabilization and decay. Mature mRNAs are then translated on 70S ribosomes. All
these steps of plastid gene expression require the participation of nuclear-encoded
RNA-binding factors (Stern et al. 2010; Barkan 2011), most of which are pen-
tatricopeptide repeat proteins (PPRs), characterized by a degenerate structural
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Fig. 10.2 Key control steps for the expression of recombinant proteins in transgenic plastids.
The main control steps are reported on the left (thicker arrows suggest higher importance for
the regulation of recombinant protein expression in plastids). The expression features reported
in the figure are discussed in the text, paragraph 2.2. A dicistronic operon is represented in the
figure and the first rectangle indicates the promoter region with NEP (N) and PEP (P) promoters
recognized by nuclear-encoded monomeric and plastid-encoded multimeric RNA polymerases,
respectively (number and type of promoters change in different genes). 5'-UTR and 3’-UTR are
also indicated. The two genes are separated by an intercistronic expression element (IEE) which
mediates intercistronic cleavage of dicistronic mRNA (Zhou et al. 2007). After the IEE, a Shine—
Dalgarno (SD) sequence has been inserted to mediate translation initiation at the second cistron.
However, heterologous operons inserted in the plastome have been also engineered without
IEEs, because recombinant polycistrons can be efficiently translated without further processing
(Quesada-Vargas et al. 2005). After intercistronic cleavage by an endonuclease (black triangle),
the two monocistronic transcripts are processed by 5’ and 3’ exonucleases (pacmans) together
with RNA-binding proteins (RBPs) and 3’ stem-loop structures (not indicated). RNA editing and
splicing are not represented in the figure because, at our knowledge, no biotechnological applica-
tions with transgene sequences requiring such transcript modifications have been reported so far
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motif of 35 amino acids (Schmitz-Linneweber and Small 2008). In plastids of
angiosperms, mRNA editing occurs at approximately 40 sites as a conversion of a
cytidine into a uridine nucleotide (Cardi et al. 2012). Editing events are generally
important for gene function, because they modify the coding sequence in order
to create start codons or functional polypeptides. The plastid intron repertoire of
land plants comprises approximately 21 introns (with the exception of one group
I, all are group II introns) in 18 genes (Tillich and Krause 2010). Intron removal
by splicing represents an additional regulatory step of plastid gene expression and
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Fig. 10.3 Northern analysis showing the accumulation of mono (goi) and dicistronic (goi/smg)
transcripts in plants transformed with the gene of interest (goi) and the selectable marker gene
(smg) in the opposite (a) or same (b) orientation. Other boxes represent DNA flanking sequences
involved in recombination-mediated transgene integration. P promoter, 7 terminator, 7" ptDNA,
transformed ptDNA. The goi coding region was used as probe

a prerequisite for mRNA translation of these genes (Barkan 2011). Intercistronic
processing is initiated by endonucleases, like for example RNase E (Walter et al.
2010). Mono or dicistronic translatable transcripts are then generated and matu-
rated thanks to the concerted action of various 5’ and 3’ exonucleases with PPR-
like proteins and 3’ stem-loop structures, which contribute to delimitate processed
RNA termini by blocking exoribonucleases (Pfalz et al. 2009). RNA stability and
decay seems to be mediated by the same ribonucleases and RNA-binding proteins
described for intercistronic RNA processing (Schuster and Stern 2009; Prikryl
et al. 2011), even though additional endoribonucleases and RNA-binding proteins
have been characterized (Marchfelder and Binder 2004; Tillich et al. 2009).

Besides their role in RNA metabolism, PPR-like proteins also promote trans-
lation of plastid mRNAs, as recently demonstrated in maize for the ATP4 pro-
tein (Zoschke et al. 2012). To ensure efficient mRNA translation, ATP4 and other
nucleus-encoded translational activators (Peled-Zehavi and Danon 2007) bind to
5’-untranslated regions (5’-UTRs), but the exact mechanism for translational acti-
vation is not completely clear yet. Most plastid mRNAs have a ribosome binding
site containing a Shine—Dalgarno (SD) element, which in prokaryotes mediates
ribosome recruitment. However, many plastid genes lack SD sequences; therefore,
other mechanisms for translation initiation have been suggested (Marin-Navarro
et al. 2007; Scharff et al. 2011). In addition, together with bacterial-type proteins,
plastid ribosomes also have unique ribosomal proteins which, if down regulated,
can decrease plastid translation efficiency (Tiller et al. 2012).

Even if each step in plastid gene expression is responsive to developmental
and environmental conditions and seems to give a significant contribution to the
overall regulation of genes located in the plastome, expression of plastid genes is
primarily regulated during translation of the corresponding mRNAs (Zerges 2004;
Manuell et al. 2007). Moreover, several studies conducted with transgenes inserted
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into the plastome suggest that posttranslational factors are extremely important for
the expression of plastid genes as well (Oey et al. 2009a). Protein stability is a
key determinant of protein accumulation in plastids and many aspects influencing
protein stability, such as the identity of the N-terminal amino acids, protein co- or
post-translational modifications and suborganelle localization, have been recently
reviewed (De Marchis et al. 2012).

10.2.3 Enabling Technologies and Limiting Factors

Despite that plastid genetic engineering is today a well-established technology,
the plastome of only a relatively small number of plant species and the green
alga Chlamydomonas can be routinely engineered. Tobacco has been the first
species to be transformed, using a mutant 16S rRNA gene conferring resist-
ance to spectinomycin for selection (Svab et al. 1990). Although the use of
mutated plastid genes conferring antibiotic resistance was successful in generat-
ing transplastomic plants (Dix and Kavanagh 1995; Craig et al. 2008), the real
breakthrough in plastome transformation was the utilization of the selectable
marker gene aadA (Day and Goldschmidt-Clermont 2011). Even low doses of
the aadA enzyme detoxify spectinomycin and streptomycin; therefore, the few
chloroplasts incorporating this marker gene after transformation can be selec-
tively enriched in tissue culture until the obtainment of homoplastomic plants.
Nowadays, chloroplast transformation reproducible protocols for tobacco
(Nicotiana tabacum) and dycotyledonous species like potato, tomato, lettuce,
and several others are available (Fig. 10.4), but not for monocot plants (Maliga
and Bock 2011; Maliga 2012). Indeed, the main problem with cereals is that
the most common antibiotics used for selection of transplastomic plants are not
effective with these species. Kanamicin and streptomycin are not able to inhibit
callus growth in the dark, while spectinomycin is useless due to the endogenous
resistance of many cereal species to it. Therefore, a protocol based on chloram-
phenicol selection was developed in tobacco using the chloramphenicol acetyl-
transferase gene cat as an alternative selectable marker gene (Li et al. 2011) that
could be hopefully next applied to cereal plastome transformation. Other stud-
ies tried to increase the efficacy of the existing marker genes. A recent modified
version of the aadA gene, being both a selectable marker in tissue culture and
a visual marker in transplastomic plants, was described by Tungsuchat-Huang
et al. (2011). An alternative selection system has been recently described in
tobacco, with the gene encoding D-amino acid oxidase used as plastid marker
gene for positive/negative secondary selection once resistant plants are obtained
using aadA-based spectinomycin selection (Gisby et al. 2012). Moreover, the
anthranilate synthase a subunit has been also successfully employed as selecta-
ble marker gene (Barone et al. 2009). Marker genes can be removed after selec-
tion by: the flanking-repeat-mediated excision based on the native homologous
recombination machinery, the use of site-specific foreign recombinases, the
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Fig. 10.4 Plastid transformation in sugar beet (De Marchis et al. 2009). a Leaf petioles bom-
barded with gold particles coated with a plastid transformation vector expressing GFP and placed
in a regeneration medium containing spectinomycin. b A regenerable callus (indicated with an
arrow). ¢ Selected calli placed in a medium without spectinomycin to regenerate. d Putative
transformed regenerated shoots. e PCR analysis with a primer pair located outside the vec-
tor transgene sequence. From left to right: DNA molecular size marker, wild-type sugar beet
DNA, DNA of three transformed plants. f Transplastomic sugar beet plants expressing GFP.
Fluorescence (left) and bright-field (right) images from leaves of a transplastomic plant are
shown

co-transformation and segregation of marker-free plastid genomes, the transient
co-integration of the marker gene (reviewed in Day and Goldschmidt-Clermont
2011).

Transgenes can be targeted to any region of the plastome by providing target-
ing/flanking regions, typically 1-2 kb long, to obtain efficient transgene integra-
tion by recombination between plastid and vector DNA sequences (Fig. 10.1).
However, the choice of the integration site may have a great importance in
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terms of transgene expression. The integration into a transcriptionally active site
increases the level of the transcribed mRNA and that of the corresponding protein
(De Cosa et al. 2001; Quesada-Vargas et al. 2005; Krichevsky et al. 2010), as well
as the insertion into the plastome inverted repeat (IR) regions doubles the number
of transgene copies per genome. The most used insertion sites include the regions
between the trnl-trnA, trnN-trnR, rccL-accD, and rrnl6-rps7/12 genes.

Because of the high conservation of plastid genomes between most land
plants, the first chloroplast transformation strategies utilized either homologous
or heterologous flanking regions. However, the transformation efficiency using
heterologous flanking regions was considerably lower in comparison to that with
species-specific sequences. Indeed, even if the plastid genome is highly conserved
between species with respect to protein coding regions and ribosomal RNAs,
many differences can be present in the intergenic regions which are the com-
mon targets sites for homologous recombination (Saski et al. 2007). Therefore,
a substantial increment in plastid transformation efficiency can be obtained with
species-specific transformation vectors, as demonstrated by the decrease in the
efficiency of tobacco chloroplast transformation when lettuce chloroplast target-
ing sequences were used to integrate transgenes into the trnl/trnA region of the
tobacco plastome (Ruhlman et al. 2010). Similar results were obtained for potato
and other species (Valkov et al. 2011, and references therein).

Several transgenes could be efficiently co-expressed in transgenic plastids
arranging them in natural or synthetic operons (Quesada-Vargas et al. 2005;
Krichevsky et al. 2010), and intercistronic elements facilitating the expression
of monocistronic mRNAs from operons have been identified (Zhou et al. 2007).
Many studies conducted with chimeric gene fusions have identified combinations
of promoters, 5-UTRs and 3/-UTRs, which can be used to achieve a high level
of recombinant protein expression in chloroplasts, regulating transcript stabil-
ity and translatability. Excellent results can be obtained in leaves with the pro-
moter of the plastid rRNA operon (Prrn) or the pshbA promoter, in combination
with the 5’-UTR of gene 10 of the bacteriophage T7 (T7g10), or other 5-UTRs
from highly expressed chloroplast genes like rbcL, and the E. coli rrmB 3’
sequence as terminator (Maliga 2002; Herz et al. 2005; Tangphatsornruang
et al. 2011). However, there is the need to find additional nonplastid regulatory
sequences to be used in vectors designed to express multiple recombinant genes,
in order to avoid unintended recombination events. Yang et al. (2013) investigated
the efficacy of two additional bacteriophage 5-UTRs (77g1.3 and T4g23) dem-
onstrating that they can regulate aadA expression in chloroplasts. Conversely,
transgene expression in nongreen plastids is very low, mainly due to the absence
of data about gene expression in such plastid types. Recently, studies on the
regulation of plastome gene expression in nongreen tissues started to fill this
gap, showing a general downregulation of expression (Kahlau and Bock 2008;
Valkov et al. 2009). As a consequence, expression elements that could increase
transgene expression in the amyloplasts of tobacco roots and potato tubers have
been identified (Valkov et al. 2011; Zhang et al. 2012). The combination of a
strong plastid promoter (psbA promoter) with a strong 77g10-derived 5’-UTR
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that are not prone to severe developmental downregulation during fruit devel-
opment has been shown to reach high-level gene expression in tomato chromo-
plasts, triggering GFP accumulation up to 1 % of the total protein of the fruit
(Caroca et al. 2013).

A high number of studies on heterologous gene expression in plant plastids
demonstrated that codon optimization of transgene sequences is not essential for
efficient translation rate (Maliga and Bock 2011). This, together with the possibil-
ity to efficiently express bacterial single genes or operons, theoretically allows an
easy genetic manipulation of a plethora of genes belonging to different kingdoms
for expression in plant plastids. However, there are cases in which codon opti-
mized genes of viral (Madesis et al. 2010), bacterial (Bohmert-Tatarev et al. 2011),
or human (Gisby et al. 2011) origin significantly improved transgene expression in
comparison with noncodon-optimized sequences.

The N-terminal sequence of recombinant proteins expressed in the chlo-
roplasts is a key factor for both mRNA stability/translatability (Kuroda and
Maliga 2001) and protein stability (Ye et al. 2001). Elghabi et al. (2011) fused
N-terminal segments of highly expressed proteins in plastids to the transgene
coding region, stabilizing the cyanovirin-N mRNA. Unfortunately, there are no
precise rules for the best performing sequences and empiric attempts have to be
made (Scotti et al. 2009; Gray et al. 2011). However, the existence of an N-end
rule-like pathway with stabilizing and destabilizing N-residues has been postu-
lated also for plastids, even though the identity of the penultimate amino acid is
not the sole responsible for plastid protein stability (Apel et al. 2010). That the
N-terminal part has a significant role for recombinant protein stability has been
also demonstrated with the addition of extra amino acids at the 5’ end of the rota-
virus VP6 protein (Inka Borchers et al. 2012). Most PTMs in plastids occur on
the N-terminal part of proteins, and there are an increasing number of evidences
that PTMs play a strategic role in the regulation of protein turnover (Adam et al.
2011; Bienvenut et al. 2011). In addition, many PTMs are involved in protein
folding which is necessary to reach the polypeptide tertiary or quaternary sta-
ble structure. An important aspect for stability of recombinant proteins inserted
into the plastome can be their subplastidial localization. Indeed, proteins can
be accumulated in the stroma, the thylakoid lumen, the envelope, or the thyla-
koid membranes. For example, the thylakoid lumen seems to be a more adequate
environment than the stroma for the accumulation of proteins that require for-
mation of disulfide bonds (Bally et al. 2008; Lentz et al. 2012). In some cases,
PTMs can be also important for protein functionality. Besides multimerization,
N-terminal methionine excision and disulfide bond formation, plastids allow pro-
tein lipidation (Glenz et al. 2006), but not glycosylation, preventing the produc-
tion of vaccine antigens that require glycosylation for their function and other
glycoproteins.

Once accumulated in plastids, recombinant proteins must be extracted and puri-
fied for further uses but no many detailed purification methods from plastids have
been published. Recently, glutathione-S-transferase and maltose-binding protein have
been expressed in transplastomic plants and purified by affinity chromatography,
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demonstrating that they can be used as affinity tags for the rapid purification of
recombinant proteins localized in the chloroplast (Ahmad et al. 2012a).

The expression of native expression elements seems to originate mutant phe-
notypes in some transplastomic plants, suggesting as likely cause the already
reported competition for gene-specific transcription and/or translation factors
(Kuroda and Maliga 2002). In other studies, the occurrence of mutant phenotypes
characterized by chlorotic phenotype and growth retardation seems to be due to
interference of the recombinant proteins with the plastid metabolism instead
of competition for expression factors (Rigano et al. 2012). Therefore, the use of
systems for inducible gene expression is desirable in such transplastomic plants
(Verhounig et al. 2010; Lossl and Waheed 2011). Temporary immersion bioreac-
tors have been also proposed as an alternative method for the production of pro-
teins toxic for plants (Michoux et al. 2013).

10.3 Modification of Agronomic and Physiological
Traits by Plastid Transformation

To date, numerous agronomic and physiological traits have been modified by
plastid transformation as summarized in Table 10.1 and Fig. 10.5 and reported
in recent reviews (Hasunuma et al. 2009, 2010; Rogalski and Carrer 2011; Scotti
et al. 2011; Hanson et al. 2013). In this chapter, we focus on the most recent and/or
significant examples.

“ Abiotic stress tolerance (10)
14% Hl Biotic stress resistance (2)

Photosynthesis efficiency (4)

1% X 2%
5% M Phytoremediation (1)
1% B Metabolic engineering (9)
1% ¥ Production of industrial proteins (21)
M Production of bioplastics (3)
Production of antigens (19)

A [ Production of antibodies (1)
4%

1%
23%
26% Production of adiuvants (1)

Production of therapeutic proteins (12)

Fig. 10.5 Pie chart summarizing the transgenes engineered by plastid transformation from
January 2010 to 2013
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10.3.1 Stress Tolerance

Early experiments aiming to improve by plastid transformation salt/drought or cold
tolerance relied on genes for the biosynthesis of the osmoprotectant glycine betaine
or on A9 fatty acid desaturase genes, respectively (Kumar et al. 2004; Craig et al.
2008; Zhang et al. 2008). The study of Craig et al. (2008) represents the first exam-
ple of transplastomic plants expressing an agronomically relevant gene produced
with the “binding-type” vectors, in which chloroplast antibiotic insensitive point
mutations are used to select transformants in place of heterologous marker genes.

More recently, different enzymes with anti-oxidant activities were expressed to
enhance the tolerance of transplastomic tobacco plants to abiotic stresses. Genes
encoding the dehydroascorbate reductase (DHAR) from rice, the glutathione-S-
transferase (GST) and glutathione reductase (GR) from E. coli were expressed alone
or as DHAR:GR or GST:GR combinations (Le Martret et al. 2011). In all transplas-
tomic lines, the expression of the inserted genes gave an increment of specific enzyme
activity and an alteration of anti-oxidant metabolism. Progeny of transplastomic plants,
subjected to environmental stresses, proved to be less sensitive to low temperatures
and salt stress, whereas no advantages were observed for heavy metal stress. A higher
increase in tolerance to cold stress were detected in transplastomic plants expressing
DHAR:GR or GST:GR gene combinations. In another study (Poage et al. 2011), the
prospect for enhancing ROS scavenging and stress tolerance was pursued expressing
a mitochondrial manganese superoxide dismutase (MnSOD) from N. plumbaginifolia
and glutathione reductase (GR) from E. coli in the inverted regions of tobacco chloro-
plast genome. An increase of specific enzyme activity (three- and sixfold for MnSOD
and GR, respectively) was revealed in all transplastomic plants. MnSOD transplas-
tomic plants showed an enhanced tolerance to methyl-viologen and UV-B radiation,
whilst GR plants an improved tolerance to the same radiation and heavy metal. No
effect on photosynthetic capacity was observed in both transplastomic plants.

The expression level of proteins like ferredoxin decreases under environmental
stresses in photosynthetic organisms. In cyanobacteria, this phenomenon is compen-
sated by induction of flavodoxin, a flavoprotein with the same function not present in
higher plants. In order to investigate the effect of flavodoxin on photosynthesis and
stress tolerance in higher plants, Ceccoli et al. (2012) expressed a flavodoxin (Fld)
of Anabaena sp. in the plastid genome of tobacco and compared its protective effect
to tobacco nuclear transgenic lines overexpressing the same gene in the chloroplasts.
Transplastomic lines expressed the flavodoxin at about 11 wmol m~2 of leaf tissue,
fourfold more than the transgenic lines showing the highest amounts of flavodoxin.
Comparative analysis between transgenic and transplastomic plants displayed a fla-
vodoxin dose-dependent increase on photosynthetic performance and tolerance to
the exposure to methyl viologen followed by a drop in high-expressing lines. The
optimal photosynthetic performance and stress tolerance were observed at flavo-
doxin levels comparable to those of endogenous ferredoxin (about 3 mol m~2). In
this case, the high increase obtained by plastid transformation resulted detrimental to
plant fitness. Similarly, Ortigosa et al. (2010a) demonstrated that the overexpression
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of maize plastidial transglutaminase (chITGZ) in the plastid genome of tobacco
induced an oxidative stress in transplastomic plants. In particular, they evaluated sev-
eral aspects such as fluorescence parameters, chloroplast ultrastructure, and oxidative
and antioxidative metabolism. These analyses revealed different alterations of chlo-
roplast ultrastructure and physiology that increased with leaf age.

As far as biotic stresses are concerned, one of the earliest biotechnologi-
cal applications of plastid transformation reported the expression of the Bacillus
thuringiensis crylA(c) gene in tobacco (McBride et al. 1995). Subsequently,
De Cosa et al. (2001) produced transplastomic tobacco plants expressing the
B. thuringiensis toxin (cry2Aa2) operon, at the level of about 46 % of total soluble
protein (TSP), engineering two small open reading frames encoding for a chaper-
onin that facilitated the correct folding of Cry2Aa2 in stable crystals. Insect bioas-
say carried out with cotton bollworm and beet armyworm demonstrated that both
insects were killed after consuming transplastomic leaves. The B. thuringiensis
toxin (crylAb) was also expressed in the chloroplast genomes of soybean and cab-
bage (Dufourmantel et al. 2005; Liu et al. 2008), resulting in high protein yield
and complete insect mortality in both cases.

Recently, the p-glucosidase gene (Bgl-1) was expressed in tobacco transplas-
tomic plants (Jin et al. 2012). Bgl-1 transplastomic plants showed earlier flower-
ing and increased biomass, height and leaf area compared to untransformed plants;
these effects were associated with an increase of different plant hormones. Further,
in the same plants, an increase in sugar esters located within the globular tri-
chomes functioned as biopesticide against whiteflies and aphids.

10.3.2 Herbicide Resistance

The first attempt to improve herbicide tolerance by plastid transformation was pur-
sued by Daniell et al. (1998) that introduced a mutated form of 5-enolpyruvylshi-
kimate-3-phosphate synthase (EPSPS) from petunia in tobacco chloroplasts. The
transplastomic plants obtained were tolerant to low concentration of glyphosate
(5 mM) corresponding to 8 oz acre~! Roundup, not enough for weed control, for
which about 64 oz acre™! Roundup are normally required. Better results (about 10 %
TSP, corresponding to 128 oz acre™' Roundup) were obtained by Ye et al. (2001)
with the Agrobacterium epsps gene fused to the first 14 amino acids of GFP protein.

Although all forms of bar genes, encoding the enzyme phosphinothricin acetyl
transferase (PAT) inactivating the herbicide glufosinate (phosphinothricin), were
expressed at high level in transplastomic plants and these were tolerant to field-
level of glufosinate, the gene did not work well as marker for direct selection of
transplastomic clones (Lutz et al. 2001). Tobacco transplastomic plants express-
ing different mutated versions of the als gene from A. thaliana were able to grow
in the presence of various herbicides (pyrimidinylcarboxylate, imidazolinone, and
sulfonylurea/pyrimidinylcarboxylate), proving the possibility of using these plants
on the rotation of three or more herbicide combinations (Shimizu et al. 2008).



10 The Chloroplasts as Platform for Recombinant Proteins Production 241
10.3.3 Photosynthesis Efficiency

Improvement of photosynthesis efficiency would have a very high impact on agri-
culture, and thus many efforts are underway to engineer photosynthesis via nuclear
or plastid transformation, as recently reviewed by Hanson et al. (2013).

Since the efficiency of photosynthesis is dependent on the performance of the
ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), attempts have been
made to engineer this enzyme in order to enhance its catalytic turnover rate and
increase its specificity for CO, (Whitney et al. 2009; Zhang et al. 2011). The for-
mer authors tried to manipulate Rubisco via chloroplast engineering, linking the
small (S, encoded by nuclear genome) and large (L, encoded by plastid genome)
subunits of tobacco by a flexible 40-amino acid tether (S40L). This strategy
allowed to replace native rbcL in tobacco plastids with the synthetic S40L fusion
gene. They found that the fusion S40L protein was able to assemble into catalytic
oligomers in tobacco plastids, with higher affinities for CO, and O;. Zhang et al.
(2011) engineered Rubisco creating two lines of transplastomic tobacco carrying
a hybrid enzyme. LLS2 plants contained tobacco small subunits (SS) and mutated
large subunit (LS) with one substitution, whereas LLS4 plants displayed a tobacco
SS and a tomato mutated LS bearing four substitutions. Compared to wild-type
and LLS2 plants, LLS4 plants showed lower chlorophyll and Rubisco content,
lower photosynthesis rates and biomass during early stages of development, but
were able to reach maturity. The enzyme assay detected a carboxylase activity in
both plants similar to wild type, demonstrating that hybrid enzymes were able to
assemble into functional Rubisco.

Plastid transformation was also used to identify the role of plastid open reading
frames in the assembly and stability of photosystem I (Krech et al. 2012), or to
study the functional significance of the ATP synthase adjustment in response to the
metabolic demand (Rott et al. 2011). In particular, the latter authors demonstrated
that the repression of ATP synthase complex, pursued by an antisense approach on
essential nuclear atpC gene and by the introduction of different point mutations
into the translation initiation codon of the plastid atpB gene via plastid transforma-
tion, led to a restriction of photosynthetic electron transport due to decreased rates
of plastoquinol reoxidation at the cytochrome bgf complex, and a reduction of the
quantum efficiency of CO; fixation due to an increased steady-state proton motive
force resulting in overacidification of the thylakoid lumen.

10.3.4 Male Sterility

The cytoplasmic male sterility (CMS) phenotype is a maternally inherited trait,
important to produce commercial F; hybrids (Schnable and Wise 1998). To date,
only a manuscript described the engineering of this trait through plastid trans-
formation by expression of the phaA gene encoding a f-ketothiolase (Ruiz and



242 N. Scotti et al.

Daniell 2005). Since a previous study (Lossl et al. 2003) reported that the expres-
sion of the entire polyhydroxybutyrate (PHB) operon (phaA, phaB, phaC) in
the chloroplast genome of tobacco produced severe pleiotropic effects (stunted
phenotype and male sterility) in transplastomic plants, Ruiz and Daniell (2005)
investigated the specific role of phaA gene and evaluated its effect under a spe-
cific photoperiod or continuos illumination, using as regulatory sequences
the psbA promoter and 5’-UTR. The transplastomic plants overexpressing
B-ketothiolase, whose enzymatic activity was in the range of 14.08-14.71 units
mg~! plant protein during regular photoperiod, were normal except for the male
sterile phenotype. In particular, electron microscopy analyses showed a collapsed
morphology of pollen grains and an accelerated pattern of anther development
resulting in aberrant tissue development. Further, they observed a reversibility of
the male sterile phenotype (production of viable pollen and seeds) under continu-
ous light.

10.3.5 Phytoremediation

Phytoremediation of mercury and organomercurial compounds via plastid trans-
formation was pursued using two approaches. The first one was based on the
integration of bacterial native operon containing the merA and merB genes, cod-
ing for mercuric ion reductase and organomercurial lyase, respectively, into the
tobacco chloroplast genome. When grown in soil containing up to 400 wM phe-
nylmercuric acetate (PMA), transplastomic plants showed a higher tolerance to
PMA than wild-type plants (Ruiz et al. 2003). Further, they were used to inves-
tigate the uptake and translocation of different forms of mercury from roots to
shoots, and their volatilization, demonstrating that they accumulated both organic
and inorganic mercury forms to concentrations much higher than those usu-
ally found in the soil (Hussein et al. 2007). In transplastomic plants, the organic
mercury was uptaken and translocated more efficiently than the inorganic form.
The efficient translocation from roots to shoots seems to facilitate the reduction
of toxic ionic mercury (Hg?t) into less toxic and volatile elemental mercury
(Hg®) (Hussein et al. 2007). Although this approach demonstrated an improved
phytoremediation capability in transplastomic plants, the volatile Hg® form can
be released back into the environment where it accumulates and potentially con-
verted again into highly toxic forms. For this reason, an alternative approach
based on the expression of chelator molecules, such as metallothioneins, was
developed (Ruiz et al. 2011). Transplastomic plants expressing the mouse met-
allothionein gene (mtl) were resistant up to 20 wM mercury without any phe-
notypic effect, and accumulated high concentrations of mercury in all tissues. In
particular, the high concentration of mercury accumulated in leaves of transplas-
tomic plants (up to 106 ng) is indicative of an active phytoremediation and trans-
location of mercury.
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10.3.6 Metabolic Engineering

Based on the fact that several biosynthetic pathways occur in plastids, some
studies demonstrated the potential of plastome engineering for the nutritional
enhancement of vegetables. Recently, Yabuta et al. (2013) improved the qual-
ity and quantity of vitamin E (tocopherol), an important anti-oxidant, through
the expression of different genes involved in this pathway in the chloroplast
genomes of tobacco and lettuce. In particular, they observed that the overexpres-
sion of tocopherol cyclase (TC) gene in both plant species induced an increase
of total tocopherol level and vitamin E activity of about 2.2- and 1.3-fold in
tobacco and lettuce, respectively, compared to wild-type plants. Carotenoid
biosynthesis was manipulated in tomato in order to increase the content of pro-
vitamin A (B-carotene). In a first study (Wurbs et al. 2007), two microbial lyco-
pene B-cyclase and a B-cyclase/phytoene synthase fusion gene from the fungus
Phycomyces blakesleeanus were integrated in the chloroplast genome of tomato.
HPLC analyses demonstrated that transplastomic tomato fruits accumulated a
4-fold higher provitamin A content compared to wild-type plants. A subsequent
manuscript (Apel and Bock 2009) described the enhancement of provitamin
A content in tomato fruits through the expression of lycopene B-cyclase from a
higher plant (Narcissus pseudonarcissus, daffodil). In comparison with the previ-
ous study, a higher efficient conversion of lycopene to f-carotene was obtained,
resulting in an accumulation of provitamin A of about 1 mg g~! dry weight. In
addition, the expression of lycopene B-cyclase from daffodil induced an increase
of the total fruit carotenoid content and an alteration of carotenoid composition in
leaves.

Another interesting example of the effectiveness of plastid transformation tech-
nology for the manipulation of metabolic pathways is the production of astaxan-
thin (Hasunuma et al. 2008), a carotenoid synthesized by some bacteria and fungi
with wide industrial applications due to its various biological functions. This goal
was pursued by the expression of plant codon optimized genes of marine bacte-
rium Brevundimonas sp. encoding the B-carotene ketolase and -carotene hydrox-
ylase. Transplastomic plants expressing both genes accumulated astaxanthin at a
level higher than 0.5 % (dry weight), corresponding to approximately at 70 % of
total carotenoids, and synthesized also the novel carotenoid 4-ketoantheraxanthin.
Further, they were characterized by a dramatic change of color in leaves and stems
(reddish brown), and stigmas and corolla (pink), instead of their normal green
color.

The possibility to manipulate by plastid transformation the lipid pathway has
been recently discussed by Rogalski and Carrer (2011). However, besides the
report of Craig et al. (2008) cited above, only another study investigated the feasi-
bility to alter the fatty acid content by overexpression of the accD gene in the plas-
tome (Madoka et al. 2002). Resultant transplastomic plants showed a significantly
higher fatty acid content in leaves, extended leaf longevity and a 2-fold increase of
seed yield over the controls.
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10.4 Production of Recombinant Molecules in Plants
by Plastid Transformation

The diffusion of the ‘Molecular Farming’ concept has given a significant boost to
explore the suitability of chloroplast genetic engineering to produce recombinant
molecules. Herein, we summarize the most successful and recent examples for
each subgroup of recombinant molecules (Table 10.2 and Fig. 10.5).

10.4.1 Industrial Proteins

Most recent examples of industrial proteins produced by plastid transformation
belong to enzymes involved in the hydrolysis of lignocellulosic biomass to pro-
duce fermentable sugar. Verma et al. (2010a) expressed in tobacco chloroplasts
an enzyme cocktail based on genes from bacteria and fungi, and compared their
yields and enzyme activities with those obtained in E. coli. The chloroplast-
derived enzymes had higher temperature stability, wider pH range and higher
enzyme activities compared to E. coli-derived enzymes. Further, the chloroplast-
derived crude extracts of enzyme cocktails were able to release a higher amounts
of glucose from filter papers, pine wood, or citrus peel than commercial enzyme
cocktails. Petersen and Bock (2011) focused on the production of four enzymes
from the thermophilic bacterium Thermobifida fusca, demonstrating also in this
case that such enzymes can be successfully expressed in the chloroplast genome.
By contrast with Verma et al. (2010a), the high protein yields (between 5 and
40 % of plant total soluble protein) produced by plastid transformation resulted in
pigment-deficient phenotypes. Enzyme activity assay carried out on crude extracts
of transplastomic plants demonstrated that all enzymes were highly active and
hydrolyzed their synthetic substrates in a dose-dependent manner. On the con-
trary, enzyme assay carried out on natural substrates (wheat straw) showed that
without a standard thermochemical treatment of plain straw it was not possible to
observe a sugar release. The expression of a GH10 xylanase gene (Xyl/0B) from
Thermotoga maritima in the tobacco chloroplast genome gave an enzyme yield
up to 15 % TSP without any phenotypic effects (Kim et al. 2011). The enzyme
assay carried out with crude extracts of Xyl10B-transplastomic plants showed an
exceptional catalytic activity and enabled the complete hydrolysis of natural sub-
strates to fermentable sugars with the help of a-glucuronidase accessory enzyme.
Successful results were also obtained with the expression of Bf-mannase gene
(manl) from Trichoderma reesei (Agrawal et al. 2011).

Other important industrial polypeptides recently produced via plastid trans-
formation include a laccase and a monellin variant. Davarpanah et al. (2012)
produced transplastomic tobacco plants to develop commercial level of a fungal
laccase, an enzyme with potential applications as waste detoxification and in tex-
tile industry. Although an accumulation up to 2 % of total protein was reached,
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no laccase enzyme activity was detected. In addition, the transplastomic plants
showed a retarded growth and a pale-green phenotype. The sweet protein monellin
is a natural protein derived from berries of Dioscoreophyllum cumminsii (tropical
rainforest vine) that has potential uses as noncarbohydrate sweetener for individu-
als that must control their sugar intake, but it is unstable at high temperatures and
acidic pH. Hence, Lee et al. (2012) evaluated plastid transformation to produce
more stable monellin variants. The ELISA assay detected a yield for each vari-
ant of about 50-60 jLg/mg protein comparable to those obtained from the natural
source.

10.4.2 Bioplastics

Several attempts have been done to produce polyhydroxyalkanoates (PHAs), a
family of biodegradable and renewable plastics, by plastid transformation. Some
studies were performed with vectors including a minimal transgene expression
cassettes that gave very low polymer accumulation levels (Nakashita et al. 2001;
Arai et al. 2004).

The Ralstonia eutropha phb operon (three bacterial enzymes) was expressed
in tobacco plastids using two different approaches. In a first study, Lossl et al.
(2003) used the promoter and 5’-UTR of the plastid psbA gene. Transplastomic
plants showed a PHB accumulation level very variable with the maximum yield
(up to 1.7 % dry weight in leaves) at the early stages of in vitro culture. Because
the highest yield achieved was associated with a growth reduction, an inducible
system to regulate the transcription of the phb operon in tobacco plastids was sub-
sequently developed (Lossl et al. 2005). This approach was based on a nuclear
located, ethanol-inducible T7 RNA polymerase which was targeted to plastids
harboring the phb operon under the control of T7 regulatory sequences. Double
transformed plants were sprayed with a 5 % ethanol solution and 4 weeks after
induction, the PHB synthesis was evaluated by gas chromatography. After induc-
tion, the highest PHB content in transformed plants was 1,383 ppm in dry weight,
whereas the background level in uninduced transformed plants was 171 ppm.

In order to optimize expression and reduce the chance of unwanted rearrange-
ments between sequences in the expression cassette and host genome, Bohmert-
Tatarev et al. (2011) selected PHB biosynthetic gene sequences (phaA, phaB,
and phaC) from two bacteria (Acinetobacter sp. and Bacillus megaterium) with
GC content and codon usage similar to that of tobacco plastome, regulatory ele-
ments with limited homology to the host plastome and short spacer elements
of plastidial origin upstream of each transgene. The three genes of interest plus
the marker gene were cloned downstream of the psbA coding sequence exploit-
ing promoter and UTRs of the same plastid gene (“operon extension strategy”).
Transplastomic plants were capable of producing up to 18.8 % dry weight PHB in
leaves. Furthermore, in contrast to previous results (Lossl et al. 2003), they were
fertile and produced progeny with a high PHB content.
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10.4.3 Antigens, Antibodies, and Adjuvants

During the past few years, exciting progress has been made with plastid-based
production of pharmaceuticals and in particular with vaccine subunits, as recently
summarized in several reviews (Cardi et al. 2010; Lossl and Waheed 2011; Maliga
and Bock 2011; Scotti et al. 2012). Issues particularly important for this class of
molecules are the achievement of high protein yields and stability, because the
stimulation of the immune system, especially mucosal immunity, requires high
doses of a stable antigen.

Recently, Inka Borchers et al. (2012) increased the accumulation and stabil-
ity of rotavirus VP6 protein altering its 5-UTR and 5’ end of the coding region.
Compared to previous results (Birch-Machin et al. 2004), the inclusion of
the 5/-UTR from T7gl0 and of 15 nucleotides at the 5’ end of the VP6 coding
region increased its expression level up to 15 % of total leaf protein. Further, they
observed that these sequences stabilized the protein accumulation in both young
and old leaves, and that the plastid-based VP6 proteins assembled into trimeric
forms similarly to rotavirus capsids (Inka Borchers et al. 2012). For other viral
antigens, it has been observed that the use of a 5’-UTR plus additional nucleotides
at the 5’ end of coding region (HPV-16 L1 or HIV-1 Pr55828) or the production of
a fusion protein by adding partial or complete protein sequences at the 3’ end of
coding sequences (2L21 peptide from canine parvovirus or epitope of VP1 protein
of the foot and mouth disease virus) can increase protein yields up to 51 % TSP
(Lenzi et al. 2008; Scotti et al. 2009; Lentz et al. 2010; Ortigosa et al. 2010b). On
the other hand, Rigano et al. (2009) demonstrated that the only use of the T7g10
5’-UTR was sufficient to accumulate the envelope protein (A27L) of vaccinia
virus up to 18 % TSP.

In order to confer dual immunity against cholera and malaria, Davoodi-
Semiromi et al. (2010) fused the cholera toxin-B subunit (CTB) to two malarial
antigens, apical membrane antigen-1 (AMA1) and merozoite surface protein-1
(MSP1), and expressed them in tobacco and lettuce chloroplasts. CTB-AMA1
and CTB-MSP1 were accumulated up to 13.2 % and 10.1 % TSP in transplas-
tomic tobacco plants and up to 7.3 % and 6.1 % TSP in transplastomic lettuce
plants, respectively. The tobacco plastid-based fusion proteins were used to immu-
nize subcutaneously or orally nine groups of mice. Significant levels of specific
antibodies were detected for both diseases. In addition, the analysis of several
immunological markers suggests that immunity was conferred via the Trl cellular
and Th2 humoral immune responses. Another multicomponent vaccine that elic-
ited both systemic and mucosal immune responses was based on fusion protein
containing epitopes against diphtheria, pertussis, and tetanus (DPT) expressed in
tobacco plastome (Soria-Guerra et al. 2009).

Gorantala et al. (2011) developed a vaccine against anthrax based on domain
IV of protective antigen [PA(dIV)] in tobacco chloroplasts, obtaining an expres-
sion level up to 5.3 % TSP with an AT rich sequence of the gene. Further, they
compared the protective response of plant- and E. coli-derived [PA(dIV)] in
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mice intraperitoneally or orally immunized with or without adjuvant. Although
the highest antibody titers (>10°) were detected in adjuvanted E. coli [PA(dIV)]
groups, adjuvanted plastid-derived [PA(dIV)] also induced significant specific
antibody titers (>10*) in both intraperitoneal and oral immunizations. Challenge
with Bacillus anthracis in mice intraperitoneally immunized with adjuvanted plas-
tid-derived [PA(dIV)] conferred a lower protection (60 % vs. 100 %) than in mice
immunized with adjuvanted E. coli [PA(dIV)].

Recently, Lentz et al. (2012) produced in tobacco chloroplasts a fragment
from camelid single-chain antibodies, also known as nanobody or VHH, directed
against rotavirus VP6 protein and able to neutralize rotavirus infection. They pur-
sued three strategies: expression of the original VHH in the chloroplast stroma
(VHH 3B2), a translational fusion between GUS protein and VHH (GUS-E-
VHH), and the targeting of VHH to thylakoid lumen by adding a N-terminal signal
peptide of the pectate lyase B of Erwinia carotovora (pep-VHH). Transplastomic
plants expressing the nanobodies VHH 3B2 and pep-VHH were characterized
by transgene instability, heteroplasmic genotype and loss of the transgene in the
seeds, whereas GUS-E-VHH plants had a normal development and accumulated
the nanobody in the stroma at 3 % TSP. However, the few pep-VHH homoplasmic
lines obtained confirmed protein translocation into the thylakoid lumen, where the
pep-VHH polypeptide was stable and its expression levels reached 2-3 % of the
total soluble proteins.

To date, there is only one example of a plastid-derived adjuvant correspond-
ing to the extra domain A (EDA) from fibronectin (Farran et al. 2010). Similarly
to previous examples, the highest protein yield (2 % of total cellular protein) was
obtained when the protein was translationally fused to the first 15 amino acids of
the green fluorescent protein (GFP). The EDA protein was purified from tobacco
leaves and used in biological assay in order to demonstrate that it retained its pro-
inflammatory properties and hence that could be used as adjuvant.

10.4.4 Therapeutic Proteins

Recently, Khan and Nurjis (2012) expressed in tobacco a synthetic interferon
alpha 5 gene, belonging to an important class of proteins used for the treatment
of different malignancies and virologic diseases. ELISA assay carried out on
total extracts of transplastomic plants demonstrated that this protein accumu-
lated to very low yield (up to 4.4 pg/g fresh weight). Similarly, a low yield was
obtained for cyanovirin-N (CV-N), a small protein (11 kDa) difficult to express in
chloroplasts, able to inactivate at nanomolar concentrations all variants of HIV-1
(Elghabi et al. 2011). Various terminal fusions were tested to improve the produc-
tion of CV-N in such organelle, and the highest protein yield (0.3 % TSP) was
obtained with either N- or N- and C-terminal GFP fusions.

A much higher yield (12 % of total leaf protein) was obtained with a synthetic
gene containing 33 % GC encoding for human transforming growth factor-f3
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(TGFB3) that was accumulated in insoluble aggregates (Gisby et al. 2011). Its
insolubility facilitated initial purification and refolding in homodimeric chains
linked by disulfide bonds. A biologic assay based on the ability of TGFB3 to
inhibit the proliferation of mink lung epithelial cells was carried out on refolded
plastid-based protein and standard protein, and showed a similar dose-response
curve between the two proteins.

Recently, various therapeutic agents, such as retrocyclin-101 (RC101) and pro-
tegrin-1 (PG1), proinsulin, and coagulation factor IX, were produced in transgenic
chloroplasts (Verma et al. 2010b; Boyhan and Daniell 2011; Lee et al. 2011). In
order to confer protein stability, all genes were fused to GFP or CTB sequences.
The protein yields of RC101 and PG1 antimicrobial peptides, promising therapeu-
tic agents against bacterial and/or viral infections, especially those caused by the
HIV-1 or sexually transmitted bacteria, were estimated to be approximately 35 %
and 25 % TSP, respectively. The antimicrobial activity of both proteins was con-
firmed by inoculation of potted plants with E. carotovora. Further, RC101 trans-
plastomic plants were resistent to tobacco mosaic virus infections confirming also
the antiviral activity (Lee et al. 2011). Hence, such peptides could have also a role
against plant pathogens.

Some lysine-type antibiotics were recently developed in tobacco chloroplasts
using two strategies. The highest yield (more than 70 % TSP) was obtained with
the synthetic plyGBS gene (Oey et al. 2009a). The other two antibiotics (Cpl-1 and
Pal), that proved to be unclonable into standard plastid expression cassettes, were
expressed using an innovative strategy (called toxin shuttle), based on preventing
lethal transgene transcription in E. coli by inducing premature transcription termi-
nation upstream of the transgene coding region using bacterial transcription termi-
nators (Oey et al. 2009b). The bacterial terminators were flanked by /oxP sites and
could therefore be excised in planta by site-specific recombination after chloro-
plast transformation.

Since it is widely known that thioredoxins, small ubiquitous proteins, were able
to enhance solubility and stability of recombinant proteins in microbial expression
systems, Sanz-Barrio et al. (2011) evaluated the role of thioredoxins as modula-
tors of the expression of the human serum albumin (HSA), which has been pre-
viously shown to form inclusion bodies in plastids (Fernandez-San Millan et al.
2003). For such a purpose, two strategies were assayed based on the fusion of
thioredoxins m and f to HSA, or on co-expression with HSA on the same vec-
tor. Trx m-HSA and Trx f-HSA fusion lines accumulated, in inclusion bodies, the
human serum albumin to 26 % TSP and 22 % TSP, respectively; whilst the HSA
in co-expressed lines was mainly found as soluble protein with accumulation level
of 1.5 and 3.1 % TSP for Trx m and Trx f, respectively. The differences observed
in terms of protein accumulation were mainly due to higher HSA stability of the
fused proteins.

The human proinsulin (A, B, and C peptides) was expressed in tobacco and
lettuce chloroplasts and accumulated up to 47 % and 53 % of total leaf protein,
respectively (Boyhan and Daniell 2011). Accumulation of this protein was stable
also in senescent and dried lettuce leaves. Proinsulin was purified from tobacco
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leaves up to 98 % of purity. Oral and injectable delivery of plastid-based proinsu-
lin into mice showed reduction of glucose level in blood similar to that obtained
with commercial processed insulin.

Current treatment of the hemophilia disorders based on intravenous infu-
sion of recombinant or plasma-derived coagulation factors VIII or IX can induce
anaphylactic reactions. In order to prevent these reactions, Verma et al. (2010b)
tested a fusion protein CTB-coagulation factor IX (CTB-FFIX) produced by plas-
tid transformation in a murine hemophilia B model. Oral delivery of plastid-based
CTB-FFIX blocked the formation of inhibitory antibodies and eliminated fatal
anaphylactic reactions.

An interesting therapeutic target of Alzheimer disease, the B-site of the amyloid
precursor protein cleaving enzyme (BACE), was produced at 2 % of TSP in trans-
genic tobacco chloroplasts (Youm et al. 2010). Mice gavaged with extracts from
transplastomic plants expressing the BACE enzyme showed a specific immune
response.

10.5 Conclusions and Perspectives

The first example of stable plastid transformation in higher plants (tobacco) dates
back to more than 20 years ago (Svab et al. 1990). Since then, the technology has
been improved in many aspects, including the development of various methods for
DNA introduction, marker genes and selection strategies, vector types, and meth-
ods for marker excision. Although the plastids of some species (e.g., the mono-
cots) remain difficult to transform, a reproducible protocol is now available for
about 20 species, belonging to 8 families (Maliga 2012). Besides to biotechnol-
ogy, for which some applications have been discussed in the present chapter, the
transformation of the plastome is also relevant to basic studies (Maliga 2004). In
the last 3 years, more than 40 original articles showing a total production of about
80 proteins for applications in different fields have been published. Important
challenges for the future remain the improvement of transformation protocols in
species other than tobacco and related Solanaceae, the development of inducible
expression vectors, the increase of the expression level in nongreen plastids and/or
for difficult-to-accumulate proteins, and the optimization of recombinant protein
purification protocols. For all these aspects, however, significant improvements
have been made lately, as reported in this chapter and other recent reviews (Maliga
and Bock 2011; Maliga 2012). “Aspirational goals” for plastid biotechnology have
been recently discussed (Clarke and Daniell 2011). In the next future, only a small
number of proteins will likely remain not expressible in transgenic plastids, such
as those requiring glycosylation for their functionality.

To our knowledge, no transplastomic plants have been grown so far in the field for
commercialization. Field trials, however, have been conducted with transplastomic
petunia, soybean and tobacco to test degree of gene containment (greenbiotech.
eu/?page_id = 501), herbicide tolerance (www.fags.org/patents/app/20120023615),
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and production of pharmaceuticals (Arlen et al. 2007), industrial enzymes (www
.congenetics.com/html/5935.htm) or bioplastic (www.metabolix.com/Products/
Crop-based-Technologies/Research).
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