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Multiple-gene transformation is required to improve
or change plant metabolisms effectively; but this many-
step procedure is time-consuming and costing. We suc-
ceeded in the metabolic engineering of tobacco plants by
introducing multiple genes as a bacteria-type operon
into a plastid genome. The tobacco plastid was trans-
formed with a polycistron consisting of three bacterial
genes for the biosynthesis of a biodegradable polyester,
polyhydroxybutyrate (PHB). Accumulation of PHB in
the leaves of the transgenic tobacco indicated that the
introduced genes were polycistronically expressed. This
‘‘phyto-fermentation’’ system can be used in plant
production of various chemical commodities and phar-
maceuticals.

Key words: plastid transformation; operon; metabolic
engineering; phyto-fermentation; poly-
hydroxybutyrate

The plastid, one of the major organelles in plant
cells, provides the plant kingdom with a characteris-
tic ability of photosynthesis. In another aspect of the
role of plastids in plant cells, they acquired special-
ized functions as containers of synthesis and storage,
which are usually localized in specific organs or tis-
sues. They participate in the biosynthesis and storage
of starch (amyloplast), carotenoids (chromoplasts)
and lipids (elaioplast),” enabling plants to reserve
nutrition to be used for growth and the next genera-
tion seedlings. The outstanding capabilities of
production and storage have been utilized in agricul-
ture for thousands of years and today come to lead
the possibility of exploiting plastids as a factory of
new chemical commodities by biotechnology tech-
niques.>¥

This organelle, possessing its own genome, is likely
derived from a free-living oxygen-evolving photosyn-

thetic prokaryote® and the structure of the genome
and the mechanism for decoding the genetic informa-
tion within plastids are similar to those of prokary-
otes.>® Transformation of the plastid genomes of
higher plants by homologous recombination has been
established”' and chimeric bacterial antibiotic
resistance genes were introduced into plastid ge-
nomes to allow selection of the transformants. This
method helped in the molecular study of function
and regulation of plastid genes, such as the introduc-
tion of a mutation in a particular position in a plastid
genome and the gene replacement with a heterogous
gene_n.lz}

Considering that the structure and regulation of
plastid genomes are similar to those of prokary-
otes,*'? plastids have a wider possibility for produc-
tion of various substances. In other words, if the bac-
terial polycistron can function in this organelle, the
plastid can become a fermentation organism of
secondary metabolites. Therefore we investigated the
feasibility of giving a new character to plastids by in-
troducing a bacterial operon into its genome. We
chose PHB biosynthesis'” as a marker to test the
polycistronic expression of transgenes in plastids and
the result obtained is reported in this paper.

Polyhydroxyalkanoates (PHAs) are a class of
aliphatic microbial polyesters and renewable sources
of biodegradable thermoplastic.'¥ The most common
PHA, poly-3-hydroxybutyrate (PHB), is produced
by various bacteria and its biosynthesis from acetyl-
CoA requires only three enzymes, which are usually
encoded in an operon.'>'” The phb operon of Ralsto-
nia eutropha, encoding PHB biosynthetic enzymes,
consits of phbC, phbA, and phbB. Acetoacetyl-CoA
produced from acetyl-CoA by S-ketothiolase
(phbA), is converted to 3-hydroxybutyrate by
acetoacetyl-CoA reductase (phbB), and then poly-

" To whom correspondence should be addressed. Fax: + 81-48-462-4676; E-mail: nakashi@postman.riken.go.jp
Abbreviations: PHB, polyhydroxybutyrate; PHA, polyhydroxyalkanoate; PCR, polymerase chain reaction



Downloaded by [Florida Atlantic University] at 17:55 14 November 2014

Polycistronic Transgene Expression in Plants 1689

merazed by PHB polymerase encoded by phbC
(Fig. 1).

The aadA gene, encoding aminoglycoside 3”-
adenyltransferase, confers spectinomycin resistance
on the tobacco nuclei and plastid.® The aadA gene,
attached with a synthetic ribosome binding site
designed after the abundant Rubisco large subunit,
was modified by the polymerase chain reaction
(PCR) to have BamHI and Bg/lI restriction enzyme
sites at the 5’- and 3’-ends, respectively. The bacteri-
al phb operon, consiting of phbC, phbA, and phbB,
was cloned from R. eutropha genomic DNA by PCR
using the following primers: 5'-ATGGATCCCGG-
GCAAGTACCTTGCCGACAT-3" and 5’-TCCGG-
ATCCTATGCCCAACAAGGCACTAAGA-3'. The
BamH] fragment obtained (4.98 kb) contained these
genes including the 5’- and 3’-untranslated regions."”
This BamHI fragment was connected downstream of
the aadA gene in the order specified above to gener-
ate an operon. This chimeric operon was inserted
into a plastid transformation vector plasmid, which
was constructed essentially as reported by Svab and
Maliga,¥ to generate pPT12 (Fig. 2). In this plasmid,
the inserted operon is under control of the constitu-
tive promoter of the plastid rRNA operon (Prrn) and
the plastid psbA terminator sequence, which was
located between the Sphl-BamHI rbcL fragment
(0.8 kb) and the BamHI- Xhol (1.2 kb) fragment of
accD. These adjacent plastid genes, rbcL and aceD,
are used for homologous recombination during
transformation, because they are regulated in differ-
ent operons in the plastid genome and the region be-
tween them is suitable for the foreign gene insertion.

Tobacco plastid transformation was done by the
biolistic process as previously described'" using gold
particles (I um) as a DNA carrier. Thirty leaves of
aseptically grown Nicotiana tabacum cv Xanthi were
used for bombardment. Following a round of selec-
tion on spectinomycin-containing medium, two lines
of pPT12 transformants (lines 1 and 2) were ob-
tained. PCR analysis, using specific primers for
aadA, phbC, phbA, and phbB, confirmed the in-
troduction of these genes into the selected lines (data
not shown). Further regeneration cycles were per-
formed from the leaf sections to obtain homoplasmic
plants.®'" After two cycles of selection, the third
generation plants were rooted and transferred to a
greenhouse. These plants did not demonstrate any
visible morphological changes.

All three phb genes are necessary to synthesize
PHB in the plastid due to the lack of f-ketothiolase
activity in this organelle (Fig. 1); the combination of
phbC and phbB is sufficient to synthesize PHB in the
cytosol.>!®!” The expression of these introduced
genes in an operon in the plastid allowed the trans-
formants to accumulate PHB. The leaves of pPT12
transformants, following chloroform extraction and
ethanolysis, were analyzed by gas chromatography-
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Fig. 1. Biosynthetic Pathway of Polyhydroxybutyrate.
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Fig. 2. Construct of Plastid Transformation Vector pPTI12.
Tobacco plastid genes and bacterial genes are shown as closed
and open boxes, respectively. Thick arrow indicates the orienta-
tion of the chimeric operon. Prrn, plastid rRNA operon
promoter; S, audA; C, phbC; A, phbA; B, phbB; psbA3’ plasid
psbA terminator sequence.

mass spectrometry (GC-MS). A peak, detected at 6.5
minutes, appeared only in transformed plants
(Fig. 3A). The mass spectrum of this peak was identi-
cal to that of 3-hydroxybutyrate ethyl ester (Fig. 3B),
indicating unambiguously that the PHB biosynthetic
enzymes expressed from the introduced phb operon
functioned properly in the transformed plastids. The
PHB productivities of line 1 and line 2 were 8 ppm
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Fig. 3. GC-MS Analysis of Polyester Produced by Transgenic
Tobacco Plant.

(A) Gas chromatography analysis of wild-type plant (1) and
transgenic plant (2). Polyester was extracted from the leaves of
the transgenic tobacco and analyzed after ethanolysis as previ-
ously described.'” Arrow indicates the peak of 3-hydrox-
ybutyrate-ethyl ester. (B) Mass spectrum of the peak at 6.5 min
of a sample prepared from a transgenic plant shows the pattern
specific to 3-hydroxybutyrate-ethyl ester. Structure with major
fragmentation patterns is also shown.

and 2 ppm dry weight, respectively, which were close
to that of the transgenic tobacco accumulating PHB
in cytosol (ca. 10 ppm).'? In Arabidopsis, however, it
is reported that the PHB productivity by the targeted
enzymes into plastid is 100 times higher than that in
cytosol.>'™ So we are continuing the attempt to
produce the plant with higher PHB productivity and
the detailed analysis of transformants obtained so far
is now in progress.

To properly manipulate plastids, targeting tech-
niques using transit peptides have been exploited;?*-*?
this procedure, however, requires the troublesome
addition of a promoter, a terminator, and a transit
peptide sequence into every gene. The introduction
of a polycistron into plastid genome can simplify
these procedures, allowing one promoter and one ter-
minator to control multiple genes without the neces-
sity of transit peptide sequences.?” It is reported that
plastid transformation with polycistrons is effective
for foreign protein production** We here demon-
strate that this system is also applicable to introduce
a foreign metabolism into plants.

Plastid transformation with polycistronic genes is
both time and cost effective and gives ideally regulat-
ed expression. In addition, the transgene in the
plastid genome is not affected by co-suppression
caused by gene silencing,”® often a serious problem
during the production of transgenic plants, especially
using genes homologous to host plant genes. These
advantages can lead to the plant production of useful
compounds, usually produced by bacterial fermenta-
tion, and also allow the improvement of convention-
al agricultural products. This system is supplied with
materials and condition by the plant itself, based on
solar energy, which could be called ‘‘phyto-fermenta-
tion’” or ‘“‘plasmic fermentation’’. Important for the
application stage of genetically modified crops®?'2%
is that transgenes contained within plastids are in-
herited maternally and will not spread outward into
the environment by pollen diffusion,?” enabling the
safely programmed creation of new plants affording
great benefits to human society with minimal ecologi-
cal impact.
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