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Introduction 
The exhaustion of foods and aggravation of the 

environment worldwide, as well as the society 
aging, are well considered in a today’s society. 
Those aspects lead us an advanced society 
harmonizing with nature aiming at healthy 
longevity of humans. Plants can utilize the solar 
energy and synthesize carbohydrates from 
atmospheric CO2, providing the food resources to 
humans. The atmospheric CO2 causes the 
greenhouse effect on the earth, and thus able to be 
absorbed by plants. Majority of pharmaceuticals 
and nutraceuticals in human health and longevity 
are delivered from plants including herbs. 
Therefore, the improvement of plants is the most 
significant aspect for the continuous prosperity of 
humans, and safety development of genetic 
manipulation of plans for both the environment and 
oral intake. 

Genetic manipulation of plants is invaluable for 
possible evasion of a global food crisis, production 
of functional foods, and drug design and production. 
Plants have just met the technology of genetic 
manipulation, and are potential sources of 
production of medicines at lower costs. For 
example, to produce an immunoglobulin G (IgG) 

from transgenic alfalfa grown in a 250-m2 

greenhouse costs US$500-600 per gram which is 
less expensive comparing to US$5,000 per gram for 
the hybridoma-produced antibody (1). Planet 
Biotechnology (Mountain View, CA, USA) has 
compared the cost per gram of purified IgA made 
by cell culture, transgenic goats, grain (7.5 tonne ha 

1) and green biomass (120.0 tonne ha 1). 
Expression levels indicates a significant cost 
impact: the best expression level has been 
reported that leaves contain 500 µg per gram of 
leaves for a secretory immunoglobulin A (IgA), and 
the final cost should be well below US$50 per gram 
(1). This drastically undercuts the costs of cell 
culture (US$1,000 g－1) or that of transgenic animal 
production systems (US$100 g－1) (1). The biggest 
cost component with “plantibodies” is purification. 
However, the seed expression for rice and wheat 
helps the possibility of oral administration of some 
therapeutic antibodies without expensive 
purification. As “medical molecular farming”, 
several trials are being achieved for production of 
therapeutic and diagnostic antibodies, human or 
animal vaccines, and biopharmaceuticals for human 
health in transgenic plants. These plant products 
are rather suited for oral administration than 
injection in consideration of expense for their 
purification: vegetables or fruits themselves or 
their crude extracts should be orally taken by 
humans. Especially for taking them without 
purification, safe technology to make 
genetically-modified plants as being developed by 
us (see below) may meet consumers’ acceptance. 

Genetically-modified (GM) Crops 
How is the current available condition of 

genetically-modified (GM) plants in public? 
Varieties of genetically-modified crops imported to 
Japan are authorized by Ministry of Health, Labour 
and Welfare (MHLW) of Japan: those include 
approximately 73 in species of potatoes, soybeans, 
sugar beets, corn plants, rape seeds, cotton, and 
alfalfa (on December 15, 2005; http://www.mhlw. 
go.jp/topics/idenshi/). Herbicide tolerance, pest 
resistance, disease resistance, higher production of 
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oleic acid, and male sterility-fertility control are 
genetically conferred on the GM plants. Currently, 
any of these crops have not yet been cultivated 
within Japan for commercial purposes, but they all 
are imported instead. 

A genetic material for BT protein (BT) from the 
bacterium Bacillus thuringiensis governs the pest 
resistance. Although plants are transformed with 
BT gene which tends to have negligible impact on 
non-target organisms, BT corn plants might 
represent a risk because most hybrids express BT 
and corn pollen is dispersed over at least 60 meters 
by wind. Hypothetically corn pollen is spread to 
other plants near corn fields and this can be 
ingested by the non-target organisms that consume 
these plants. A laboratory assay found that larvae 
of the monarch butterfly, Danaus plexippus, reared 
on milkweed (Asclepias curassavica) leaves dusted 
with pollen from BT corn, ate less, grew much 
slower and suffered higher mortality than those on 
leaves dusted with untransformed corn pollen or 
leaves without pollen (2). In detail, pollen from 
N4640-BT corn and an unrelated, untransformed 
hybrid, was applied by gently tapping a spatula of 
pollen over milkweed leaves that had been lightly 
misted with water (2). Pollen density was set as 
visually match densities on milkweed leaves 
collected from corn fields. Petioles of individual 
leaves were placed in water-filled tubes which were 
taped into plastic boxes. Five three-day-old 
monarch larvae from their captive colony were 
placed on each leaf, and each treatment was 
replicated five times. Milkweed leaf consumption, 
monarch larval survival and final larval weight 
were recorded over four days. Larval survival 
(56%) after four days of feeding on leaves dusted 
with BT pollen was significantly lower than that on 
leaves dusted with untransformed pollen or control 
leaves with no pollen (2). Because of no mortality 
on leaves dusted with untransformed pollen, all of 
the mortality on leaves dusted with BT pollen can 
be concluded to be affected by BT. The 
description fact in this scientific correspondence 
published in May, 1999, came to light that 
movement for boycott to genetically-modified crops 

begun in Europe and then in Japan. As a result, as 
of April, 2001, the indication of GM crops was 
enacted in a government law in Japan. There are, 
however, blind spots in the law: contamination 
less than 5% with GM crops in their population 
does not require the indication, and the law is also 
inapplicable to materials such as oil and soy source 
manufactured from GM crops. 

Genetic Materials in Plant Cells 
The major genetic information for 25,000 or 

more genes is located in nuclei in plant cells (3), 
and genes a little over 100 are present in genomes 
of plastids such as chloroplasts (4) and less than 60 
are identified in mitochondrial ones (5). To 
deliver genetic information into nuclei and 
chloroplasts, biological, physical, and chemical 
developments are required, whereas no stable 
transformation of mitochondrial genomes has been 
reported so far. For nuclear genomes, 
Agrobacterium Ti plasmid mediation, particle 
bombardment, polyethylene glycol (PEG) treatment, 
and electroporation are available, and for 
chloroplast genomes, particle bombardment and 
PEG treatment are procedures developed (Fig. 1). 
Commercially available GM crops are consisted in 
manipulation of nuclear genomes, which is easer 
than that of chloroplast genomes whose copy 
number is over a few thousands per cell, resulting 
in difficulty in complete replacement with 
manipulated species. The advantages of nuclear 
engineering are easiness and capability of 
glycosylating proteins in cytoplasm (Golgi 
apparatus). The most useful character in 
chloroplast transformation is maternal inheritance, 
which resists “genetic pollution” via pollen 
scattering in the fields. Furthermore, chloroplast 
transformation is associated with the following 
benefits: homologous recombination leading to 
efficient DNA replacement, higher gene expression, 
polycistronic transcription for expression of 
multiple genes, accumulation of products such as 
proteins and metabolites, and improvement of 
photosynthesis (Table 1). 
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Fig. 1. Ways of gene delivery into nuclear and chloroplast genomes in plant 
cells. 

Table 1. Advantages in transformation of two distinct genomes in plant cells: 
nuclei vs chloroplasts. 

Chloroplast Transformation 
Current protocols for plastid transformation 

employ strategies to obtain homoplastomic plants 
by segregating genome copies and organelles in 
somatic cells. The most common approach to 
plastid transformation in tobacco is introduction of 
foreign genes into chloroplast genomes in leaves 
and regeneration of shoots from transformed cells 
on a selective medium (6). Formation of 
homoplastomic cells is accelerated by chloroplast to 
proplastid dedifferentiation, with a concomitant 

reduction in plastid DNA number in tissue culture 
cells, then a rebuilding of the organelle and plastid 
DNA numbers in regenerated plants (6). 
Transplastomic shoots regenerated from leaves after 
bombardment are always chimeras. 
Spectinomycin and kanamycin resistance, conferred 
by the expression of chimeric genes, is neither 
cell-autonomous in regenerating shoots nor in 
seedling cotyledons. Lack of cell-autonomous 
expression means that, in chimeric shoots, 
nontransformed sectors also have a resistant (green) 
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phenotype, although they become bleached when 
cut out and placed in direct contact with the 
selective medium. Resistant phenotype of 
nontransformed cells in a chimeric plant is due to 
cross-protection by transformed cells. However, 
transformed and nontransformed sectors can be 
readily identified by color (green or white) in 
knockout plants lacking a photosynthetic gene or by 
green fluorescent protein (GFP) (7) accumulation, 
which are cell-autonomous traits (6). The 
preferred method to obtain homoplastomic tobacco 
plants is regenerating new shoots from the 
transplastomic sectors, which are then rooted. 
Homoplastomic plants from the chimeric shoots can 
also be obtained in the seed progeny, as long as the 
transplastomes are present in the cell layer that 
contributes to the maternal germline (6). 
Homoplastomic plants can be obtained directly 
from tissue culture cells if cells (protoplasts) are 
first cultured to form undifferentiated callus, and 
plant regeneration is delayed until plastid 
segregation is complete. However, extended 
propagation of cells in tissue culture is undesirable 
because it causes chromosome rearrangements and 
polyploidization that affect plant fertility (6). 

Enhanced Expression in Chloroplasts 
The chloroplast is a semi-autonomous organelle 

whose genetic information is encoded in the nuclear 
and plastid genomes. The plastid genome encodes 
genes for photosynthesis, as well as genes for 
housekeeping such as protein synthesis. There is 
the evidence that photosynthesis genes are 
transcribed by a multimeric Escherichia coli-type 
RNA polymerase (RNAP), and housekeeping genes 
are transcribed by a monomeric T7 or T3 
bacteriophage-type RNAP (8). The E. coli RNAP 
is composed of a core complex of α, β, and β' 
subunits and one of a variety of s factors, the 
principal one being σ70 . Genes for s-like factors of 
E. coli-type RNAP had not been characterized from 
any multicellular eukaryotes, although they likely 
played a crucial role in the expression of plastid 
photosynthesis genes. We have cloned finally 6 
distinct cDNAs designated SIG1 to SIG6 for 
polypeptides possessing amino acid sequences for 
domains conserved in σ70 factors of bacterial RNAP 
from the higher plant Arabidopsis thaliana (8). 
Each gene is represented as one copy per haploid 
genome without any additional sequences 

hybridized in the genome. Transient expression 
assays using GFP (7) demonstrated that N-terminal 
regions of the SIG open reading frames could 
function as transit peptides for import into 
chloroplasts. Transcripts for all SIG genes were 
detected in leaves but not in roots, and induced in 
leaves of dark-adapted plants in rapid response to 
light illumination (8). Together with results of our 
previous analysis of tissue-specific regulation of 
transcription of plastid photosynthesis genes, 
expressed levels of the genes may influence 
transcription by regulating RNAP activity in a green 
tissue-specific manner. The enhanced expression 
of SIG genes, as well as regulation of 
phosphorylation of SIGs, may promise to 
accumulate foreign gene products, proteins 
themselves and enzymes involved in metabolite 
production in chloroplasts, with establishment of 
chloroplast gene manipulation. 

The higher expression in an ideally managed 
manner of endogenous and foreign genes in the 
chloroplast is desired for photosynthetic 
productivity enhancement and efficient production 
of modified substances therein. However, strength 
of gene promoters for potentially higher expression 
of recombinant genes in the chloroplast had not 
intensively been compared under the common 
experimental condition. We have focused on 
possible stronger promoters in the chloroplast: 
those of psbA encoding D1 protein of photosystem 
II reaction center, 16S rDNA in rrn operon, the 
bacterial fused promoter tac, and the bacteriophage 
T7 gene φ10 in combination with transgenic T7 
RNAP. Arabidopsis plants were made transgenic 
in the nuclear genome with the construct of a 
chimeric gene for T7 RNAP fused to a chloroplast 
transit peptide at its N-terminus placed under the 
control of CaMV 35S promoter (9). We have 
transiently expressed gene for β-glucuronidase 
(GUS) under control of the above promoters in the 
Arabidopsis chloroplast followed by particle 
bombardment. Expression in the chloroplast but 
not in the nucleus was confirmed histochemically 
and by a-amanitin treatment, the inhibitor of nuclear 
RNAP II. T7 promoter was the strongest in the 
examined promoters in the Arabidopsis chloroplast, 
and it is applicable to higher expression of foreign 
genes in the chloroplast with managed expression of 
T7 RNAP (9). 
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Selectable Marker Genes 
There are crops on which pest resistance or 

herbicide tolerance is genetically conferred as 
mentioned above. Employed genes for these 
properties are derived from bacteria which are not 
eaten by humans. In addition to these genes, the 
genes called “selectable markers” are required for 
production of genetically-modified plants. The 
selectable markers used for selection of plants in 
which objective genes are successfully integrated 
into genomes of host plants, are genes for tolerance 
to antibiotics or herbicides, the majority of which 
are derived from bacteria too: genes for neomycin 
phosphotransferase II (nptII) from Escherichia coli 
Tn5, 5-enoylpyruvate shikimate-3-phosphate 
synthase (epsps) from Agrobacterium sp. CP4, 
phosphinothricine acetyltranasferase (pat) from 
Streptomyces viridochromogenes, aminoglycoside
3”-adenyltransferase (aadA) for spectinomycin 
resistance from Shigella flexneri, etc. (10). The 
safety of especially genes for antibiotic resistance is 
suspicious, because of the possibility that these 
genes might be transferred into pathogenic bacteria 
which may convert to antibiotic-resistant ones. 
Search of the selectable markers from plants is 
desired. 

A Safer Plant-origin Selectable Marker 
The present society requires safety in the “public 

acceptability” for both oral intake and the 
environment. What is the criterion of the public 
acceptability? The safety of all MG crops 
imported into Japan is authorized by MHLW on the 
basis of experimental proof. However, consumers 
judge the crops in likes or dislikes. People do not 
want to eat crops are genetically modified with 
genes of bacterial origin. Therefore, selectable 
marker genes are ideally to be plant origin. The 
safety in the environment, another important factor 
which we must consider, is to minimize so called 
“genetic pollution” of influence on the ecosystem. 
Transfer of foreign genes into other non-transgenic 
plants is most reliable via pollen. This 
apprehension is dispelled by chloroplast 
transformation. Since genes in plastids in most 
plant species are inherited maternally, being those 
genes not transferred into other plants via pollen. 
Therefore, the development of genetic manipulation 
of plastid genomes, instead of nuclear ones whose 

engineering has been established, is necessary for 
ecological safety. 

To satisfy both plant origin and applicability for 
chloroplast transformation, we have focused on an 
enzyme involving amino acid biosynthesis in 
plastids, acetolactate synthase (ALS) 
[acetohydroxyacid synthase (AHAS)]. A variety 
of amino acid substitutions have been introduced 
into this enzyme and its tolerance to herbicides has 
been evaluated (patents pending, in collaboration 
with Kumiai Chemical Industry Co., Ltd., Tokyo). 
We have made constructs to express them in 
plastids in brassica plants and tobacco. This 
marker has proven to also function when it is 
expressed in nuclei (unpublished), being applicable 
for IgA and IgG production in plants, which are 
glycoproteins. 

Validity of “Greened” Culture Cells 
The success in application of our developed 

technology in a shorter period is expected in 
addition to longer-term projects, and utilization of 
cultured plant cells for production of 
pharmaceuticals and nutraceuticals would be more 
rapidly applied than the establishment of new plant 
cultivars genetically modified. Plant cells are 
usually cultured under heterotrophic conditions in 
supplementation with sugar, resulting in nongreen 
cells propagating. However, plant cells are vital 
with production of a variety of substrates by 
function of green chloroplasts. We have 
succeeded in isolating a few genes for “greening” 
via stimulation of biogenesis of chloroplasts. 

In an effort to identify “greening genes”, 
Arabidopsis lines homozygous for each transgene 
construct made with the gene for hygromycin B 
phosphotransferase or GUS placed under control of 
the promoter of the nuclear gene for the small 
subunit of ribulose-1,5-bisphosphate carboxylase/ 
oxygenase so called “Rubisco” (RBCS-3B) were 
constructed (11). Furthermore, activation tagging 
with T-DNA possessing quadruply-repeated 
enhancers derived from the cauliflower mosaic 
virus 35S promoter was applied to the transgenic 
line of Arabidopsis (11). Mutants resistant to 
hygromycin B during the growth of calli generated 
from non-green roots on callus-inducing medium 
resulted from the expression of hygromycin B 
phosphotransferase driven by the RBCS-3B 
promoter. Three mutant lines, ces101 to ces103 
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(callus expression of RBCS), were obtained from 
approx. 4,000 calli resistant to a selectable marker 
for transformation (Fig. 2). The active 
transcription driven by the RBCS-3B promoter in all 
the calli of ces mutants was confirmed by 
expression of both GUS reporter gene and 
endogenous RBCS-3B. Chlorophyll and 
carotenoids, as well as light-dependent O2 evolution, 
have been detected in the calli of all ces mutants. 
The loci where T-DNA was integrated in ces101 
line were determined by thermal asymmetric 
interlaced (TAIL)-PCR. The introduction of a 
DNA fragment harboring gene for receptor-like 
kinase placed under the influence of enhancers into 
the parental line, reproduced the phenotype of ces 
mutants. We have thus concluded that CES101 is 
receptor-like kinase (11), and genes for CES102 
and CES103 are applied for patents. 

Plant Species Manipulated 
There is significant interest in recombinant 

protein production in non-toxic, edible plant species 
not only to minimize downstream protein 
processing costs but also to develop a combined 
production and delivery system for “edible” protein 
therapies. Lettuce (Lactuca sativa) is a 
commercially important crop belonging to the 
Asteraceae. The leaves of this crop are consumed 
raw by humans and the time from sowing seed to 
edible biomass is only weeks compared to months 
for crops such as tomato or potato (12). Nuclear 
and chloroplast transformation of lettuce has been 
developed by Hiroshi Asao (Nara Agricultural 

Experimental Station, Kashihara, Nara), with whom 
we are collaborating to apply of our safer selectable 
marker to the transformation. 

Even though our selectable marker is safer for 
plants orally taken in, the society, especially in 
Japan and Europe, is premature to accept 
manipulated plants with our marker. Consumers 
could currently prefer functional or medical 
components made by engineered plants but further 
purified. Shizuoka Prefecture is famous for tea 
production which contains polyphenols detoxifying 
active-oxygen species, the cause of cell aging and 
generation of cancer. Catechins, a group of 
polyphenols, are made by tea (Camellia sinensis) 
plants belonging to the family Theacea, and much 
consumed as additives of commercially-bottled tea 
in these years in Japan. Tea was described to be 
first taken in China as medicinal drink, later as 
beverage and have been doing so for the past 3,000 
years, being the oldest non-alcoholic 
caffeine-containing beverage in the world. Tea is 
an evergreen, perennial, cross-pollinated plant and 
grows naturally as tall as 15 meters. However, 
under cultivated condition, the bush height of 
60-100 cm is maintained for harvesting the tender 
leaves, which continues even more than 100 years 
(13). Although it is less easy to culture this plant 
in vitro, cultered cells of tea which are able to be 
regenerated have been established by Michiyo Kato 
(Numazu National College of Technology, Numazu, 
Shizuoka), who has provided us the cells and is 
collaborating with us for genetic transformation of 
tea to improve catechin productivity. 

Fig. 2. “Greening genes” conferring chloroplast function to generate a verity of substrates 
on plastids in heterotrophically-cultured cells. Cultured cells derived from Arabidopsis 
roots exhibited green due to expression of the genes (11). 
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Fig. 3. Schematic representation of strategies for molecular farming for production of 
pharmaceutical and nutraceutical compounds. “Greening genes” discovered with the model 
plant Arabidopsis and genes for flavonoid biosynthesis are introduced into cultured tea cells by 
our original selectable marker gene, resulting in production of functional and medical 
compounds therein. The selectable marker gene is also employed for generation of lettuce 
which protects humans against pathogens by being eaten. 

Perspectives 
We put our knowledge and developed 

experimental systems together to produce 
pharmaceutical and nutraceutical compounds in 
plants. The most striking methodology is the 
employment of novel safer selectable marker of 
plant origin, which is used for both nuclear and 
chloroplast transformation; the former is necessary 
for glycoprotein production, and the latter is the 
safest in point of no scattering of foreign genes via 
pollen in the fields. We have also the knowledge 
of transcriptional regulation through s factors and 
the strongest promoters in chloroplasts, where 
foreign genes are expressed. We have initiated 
experiments with lettuce and tea cultured cells. 
The production of catechins (polyphenols) in tea 
cells in which genes for flavonoid biosynthesis are 
introduced by our selectable marker is in progress. 
Raspberry flavors and hop bitters as functional 

compounds, and anti-allergic chromones as 
medicines are planned to be produced in other plant 
systems (Fig. 3). Furthermore, lettuce accumulating 
IgA against microbial infection is being generated 
in collaboration with Yasuyuki Imai (School of 
Pharmaceutical Sciences, University of Shzuoka) 
(Fig. 3). 

Plant-origin pharmaceuticals and nutraceuticals 
are orally taken in as vegitables themselves, juice 
made of cultured cells, or additives after 
purification. Edible MG plants for healthy 
longvity of humans as descrived in this article will 
be avialble and accepted by consumers hopfully in 
a few years. 
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