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Abstract The transit peptide sequence of ibAGP2 (TP2)

was found to be capable of targeting protein into the

chloroplast in the Arabidopsis protoplasts. TP2 was fused

to a b-glucuronidase (GUS) reporter gene and expressed in

Arabidopsis under the control of the ibAGP2 promoter with

the aim of dissecting the effect of the transit peptide in

elevating foreign protein accumulation in the transgenic

plant. b-glucuronidase protein levels were determined at

three different developmental stages and in assorted tis-

sues. TP2 dramatically elevated GUS protein accumulation

regardless of developmental stage, but the level of the

enhancing effect was developmental stage-dependent. This

enhancing effect was strongest at the seedling stage (16-

fold) and relatively moderate at the vegetative (tenfold) and

reproductive (11-fold) stages. TP2 also elevated GUS

protein accumulation to varying degrees (4 to 19-fold) in

assorted tissues, with the effect being highest in the pri-

mary inflorescence stem and petiole (19-fold) and weakest

in the root (fourfold). Although TP2 also increased GUS

mRNA levels, the increased levels were not large enough

to account for the elevated GUS protein levels, suggesting

that the enhancing effect of TP2 does not solely result from

increased levels of transcripts. Taken together, our results

reveal that the TP2 significantly increased the levels of

protein accumulation and that its effectiveness was devel-

opmental stage- and tissue-type-dependent in transgenic

Arabidopsis. Possible differential targeting efficiencies of

different transit peptides are discussed.
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Abbreviations

AGPase ADP-glucose pyrophosphorylase

TP1 Transit peptide of ibAGP1

TP2 Transit peptide of ibAGP2

35S Cauliflower mosaic virus 35S promoter

Introduction

The ability to introduce foreign genes into plant species has

provided researchers with the tool to explore the possibility

of developing commercially valuable transgenic plant

production systems. The use of transgenic plants as host

organisms for the production of useful recombinant pro-

teins has a wide range of advantages. These include the

cost-effectiveness of transgenic plant production systems

and the processing of plant material, the ability of the plant

to modify proteins, which enables post-translational mod-

ifications, and the absence of a requirement for biosafe and

sterile fermentation systems (Hellwig et al. 2004; Daniell

et al. 2005; Dus Santos and Wigdorovitz 2005).

The key factor in controlling the yield of recombinant

protein in transgenic plants is the optimum design of an

expression vector. A strong promoter is a very important

factor affecting the productivity of the recombinant pro-

tein. One of the most frequently used promoters in

recombinant protein production systems in plants is the

cauliflower mosaic virus (CaMV) 35S promoter, or its

Communicated by J.R. Liu.

M. S. Kwak � M.-J. Oh � K.-H. Paek � J. S. Shin �
J. M. Bae (&)

School of Life Sciences and Biotechnology, Korea University,

Seoul 136-701, South Korea

e-mail: jmbae@korea.ac.kr

123

Plant Cell Rep (2008) 27:1359–1367

DOI 10.1007/s00299-008-0563-4



enhanced version. (Sijmons et al. 1990; Fischer et al. 1999;

James et al. 2000). Another important factor is the use of an

appropriate signal peptide, such as a transit peptide and/or

apoplast targeting sequence, which facilitates the transfer

of recombinant proteins from the cytoplasm where they are

synthesized to subcellular organelles and are accumulated

(Hellwig et al. 2004; Jayaraj et al. 2007). A number of

introns have also been shown to increase foreign protein

yield in transgenic Arabidopsis (Rose and Last 1997; Kim

et al. 2006).

The yield of recombinant proteins can be increased by

targeting foreign proteins into plastids through the media-

tion of a transit peptide. Herminghaus et al. (1991, 1996)

were able to obtain the expression of a bacterial lysine

decarboxylase (LDC) gene fused to the transit peptide of

Rubisco small subunit (rbcS) in tobacco hairy root culture

and transgenic tobacco plants. These researchers noted that

the activity of LDC increased markedly in both transgenic

tobacco plants and hairy root culture when the LDC protein

was transported into chloroplasts. Bae et al. (2006) repor-

ted that the xylanase expressed in the cytosol was targeted

either to the chloroplasts or the peroxisomes, or to both

organelles simultaneously. When xylanase was targeted

only to chloroplasts, the amount of xylanase accumulation

in that organelle was increased by 250% than that found in

the cytosol, and when xylanase was targeted to both the

chloroplasts and peroxisomes simultaneously, the accu-

mulation of xylanase in these organelles was increased by

400% than that in the cytosol.

The most commonly used transit peptide for transport-

ing recombinant protein into the plastids of transgenic

plants is rbcS (Comai et al. 1988; Herminghaus et al. 1991;

Wong et al. 1992; Corbin et al. 2001). Transit peptides of

granule-bound starch synthase (gbss) (Di Fiore et al. 2002;

Hoppmann et al. 2002), waxy (Klösgen and Weil 1991),

and chlorophyll a/b binding protein (Cab) (Kavanagh et al.

1988) have also been used for targeting foreign proteins

into chloroplasts.

In an earlier study (Noh et al. 2004), we reported the

isolation of two small subunit ADP-glucose pyrophos-

phorylase (AGPase) genes (ibAGP1 and ibAGP2) from

sweetpotato. Based on a comparison of the open reading

frames (ORFs) of sweetpotato and spinach obtained by

Edman degradation, we proposed that the N-terminal 73

and 74 amino acid residues of ibAGP1 and ibAGP2 are

putative transit peptides (Bae and Liu 1997). The use of

ibAGP1 transit peptide (TP1) was subsequently found to be

highly effective in increasing the yield of foreign protein,

and its enhancing effect was organ-specific (Kwak et al.

2007).

Schaaf et al. (2005) reported that endogenous moss

signal peptides demonstrated a secretion efficiency that

was up to fivefold higher than that of signal peptides of

human origin in transiently transformed moss protoplasts.

They also demonstrated that five different moss signal

peptides retained differential secretion efficiency. This

suggests the possibility that various transit peptides origi-

nated from distinct genes and/or organisms might also

possess a differential targeting efficiency into plastids of

specific plants. However, no study has been conducted to

compare transit peptides in terms of their targeting effi-

ciencies and, consequently, for their effects on increasing

the accumulation of foreign protein according to various

developmental stages and tissue types.

The aim of the study reported here was to compare the

targeting efficiency of TP1, reported in our earlier study

(Kwak et al. 2007), with that of the ibAGP2 transit peptide

(TP2). We therefore have analyzed the effect of TP2 on the

accumulation of b-glucuronidase (GUS) protein according

to developmental stages and tissue types in transgenic

Arabidopsis. Our results reveal that the targeting of GUS

protein into plastids with the aid of TP2 dramatically ele-

vated the amount of GUS accumulation. This elevating

effect of TP2 was developmental stage- and organ-specific,

and the specific effects did not resemble those of TP1.

Materials and methods

In vivo targeting experiment

The 50-end of ibAGP2 (284 bp), including 31 bp of the 50

untranslated region, 222 bp of the putative transit peptide,

and 31 bp of the mature peptide region, was PCR-amplified

using primers 50-acaggatccATAGCGATCGAAGAG-30

and 50-gacggatccGCGAATTCTGGGAGTCGG-30, which

contained BamHI restriction sites to facilitate cloning. The

resulting PCR product was fused in frame to the coding

region of soluble-modified green fluorescent protein

(smGFP). The resulting construct was designated as

35S:TP2:GFP. The fusion construct was introduced into

Arabidopsis protoplasts using the polyethylene glycol-

mediated transformation method (Jin et al. 2001). Leaf

tissues were harvested from 2-week-old Arabidopsis plants

and incubated with 50 ml cellulose enzyme solution [1%

cellulose R-10, 0.25% macerozyme R-10, 200 mM man-

nitol, 0.1% bovine serum albumin (BSA), 8 mM CaCl2,

5 mM (N-morpholino)ethanesulfonic acid (MES)-KOH,

pH 5.6] at 22�C for 12 h with gentle agitation. The pro-

toplasts were resuspended in 5 ml W5 solution (154 mM

NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, and

1.5 mM MES-KOH, pH 5.6), overlaid on top of 20 ml of

21% sucrose, and centrifuged for 5 min at 500 rpm. The

intact protoplasts at the interface were transferred to a new

conical tube containing 20 ml of W5 solution and incu-

bated on ice for 1 h. Plasmid DNA (10 lg) was added to
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300 ll protoplast suspension, followed by the addition of

325 ll polyethylene glycol (PEG) solution [1 M mannitol,

1 M Ca(NO3)2, 40% PEG 8000], and the suspension was

then incubated at 25�C for 24 h in the dark. The trans-

formed protoplasts were monitored with a fluorescent

microscope (Olympus BX51 TRF) at 475 nm excitation

and 510 nm emission.

Generation of transgenic Arabidopsis plants

The ibAGP2 genomic clone had been previously isolated

from the genomic library of sweetpotato (Noh et al. 2004).

A 2,257-bp fragment of the ibAGP2 50 flanking region

[1,962 bp of promoter region + 49 bp of 50 untranslated

region (UTR) + 246 bp of transit peptide region] was

PCR-amplified with gene-specific primers [ibAGP2

(-2308)SalF (50-cgagtcgacCCCTGTGGCGATATCAAC)

and ibAGP2(+284)BamR(50tgcggatccCTGCGAATTCTG

GGAGTC)] under the following conditions: 30 cycles of

92�C for 1 min, 58�C for 1 min, and 72�C for 1 min 40 s.

The PCR-product was then inserted into the SalI and BamHI

sites located at the 50 of the GUS reporter gene in pBI101

(Clontech, Palto Alto, CA). The resulting construct was

designated as ibAGP2:TP2:GUS and transformed into

Arabidopsis by the floral dip method (Clough and Bent

1998). Transgenic plants were selected on MS solid med-

ium (Murashige and Skoog 1962) supplemented with

kanamycin (50 lg/ll). Transgenic Arabidopsis plants with

ibAGP2:GUS were already available (Kwak et al. 2006).

More than ten independent T3 homozygous transgenic

plants from three different lines transformed with each

construct were employed for quantification of GUS activity.

Histochemical and fluorometric analysis of GUS

activity

The histochemical and fluorometric analyses of GUS activity

were performed as described in Jefferson et al. (1987) with

minor modifications. The samples were incubated in

100 mM sodium phosphate, pH 7.0, containing 20 mM 5-

bromo-4 chloro-3 indolyl-b-D-glucuronide (X-gluc),

0.5 mM potassium ferrocyanide, 0.5 mM potassium ferri-

cyanide, 10 mM EDTA, and 0.1% Triton X-100 (v/v) at

37�C for 12 h. The stained tissues were washed in 70%

ethanol to clear chlorophyll from the tissues. The image was

photographed using a SZ61 microscope (Olympus, Japan).

For quantification of GUS activity, each tissue was harvested

and homogenized in 150 ll of extraction buffer (50 mM

phosphate buffer, pH 7.2, 10 mM EDTA, 0.1% Triton X-

100, 0.1% sarcosyl, 10 mM b-mercaptoethanol). After

centrifugation of the homogenate at 10,000g for 10 min, an

aliquot (25 lg proteins) of each supernatant was incubated

in 1 mM 4-methylumbelliferyl b-D-galactoside (MUG) at

37�C for 1 h. The reaction was stopped by adding 0.2 M

Na2CO3, and fluorescence was determined at 455 nm

emission and 365 nm excitation using a fluorescence spec-

trophotometer (model Mithras LB 940; Berthold

Technologies, Bad Wildbad, Germany).

Microscopic examination

Samples were soaked in a fixative containing 2% (w/v)

paraformaldehyde and 2.5% (v/v) glutaldehyde in 25 mM

phosphate buffer (pH 7.0) at 4�C for 12 h and then dehy-

drated in a graded ethanol series. The dehydrated samples

were embedded in acrylic resin (LR White Resin; London

Resin Company, Thales, Berkshire, UK) and sliced into 2-

lm-thick sections with an ultra-microtome (model Bro-

mma 2088; LKB, Sweden). Following staining with

safranin-O, the tissue sections were observed under a light

microscope (Olympus model BX51 TRF).

Northern blot analysis

Total RNAs were isolated from the rosette leaves (100 mg)

of transgenic Arabidopsis plants with Nucleospin� (Ma-

chery-Nagel, Duren, Germany) according to the

manufacturer’s instructions. RNA gel blot analysis was

carried out according to the methods described by Sambrook

et al. (1989) with following modifications. A 20-lg aliquot of

total RNA was run on 1.2% formaldehyde agarose gel and

the products were transferred onto a Tropilon-PlusTM

membrane (Tropix, Bedford, MA). A biotin-labeled probe

(dCTP-biotin; Invitrogen, Carlsbad, CA) was prepared by

PCR using GUS-specific primers (forward: 50-GGGCAGGC

CAGCGTATCG-30; reverse: 50-CCTTCACCCGGTTGC-

CAG-30). Prehybridization and hybridization were

conducted in 0.25 M sodium phosphate (pH 7.2), 7%

sodium dodecyl sulfate (SDS), and 1 mM EDTA at 68�C.

The membrane was then washed in 0.19 SSC and 0.1%

sodium dodecyl sulfate (SDS) at 65�C, and the signal was

detected with Southern-StarTM (Tropix; Applied Biosys-

tems, Foster City, CA) according to the manufacturer’s

instructions.

Results

Amino acid sequence analysis of TP2

An amino acid sequence comparison of TP2 with transit

peptides of four other small subunit AGPase sequences,

ibAGP1 from Ipomoea batatas, AGPB1 from Solanum tu-

berosum, VfAGPC from Vicia faba, and PfagpS1 from

Perilla frutescens, revealed a 60, 47, 41, and 37% sequence

identity, respectively (Fig. 1). The amino acid sequence of
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TP2 showed relatively high levels of identity with that of

TP1, but a relatively low sequence identity was detected in

the amino acid sequences of the transit peptides from other

species. The amino acid sequences were highly conserved

in the N-terminal domain (amino acid positions 1–13),

central region (amino acid positions 32–50), and C-termi-

nal end (amino acid positions 66–74) of five transit peptide

sequences. Hydrophobic residues (A, I, G, L and P) were

abundantly distributed in the N-terminal domain. The 50

end of the central region (amino acid positions 32–40)

possesses sequential hydrophobic (I, F, and A) and

hydrophilic (S) amino acid residues, and there is an

abundance of hydrophilic amino acid residues (N, S, D, and

K) in the 30 end of the central region (amino acid positions

41–50). Hydrophobic (A, P, I, and V) residues were

abundantly distributed in the C-terminal end. Hydrophobic

alanine and lysine residues accounted for 23% of the total

amino acid frequency of TP2 and hydroxylated residues,

such as serine and threonine, for 20% (Fig. 1).

Protein targeting properties of TP2

An in vivo targeting experiment aimed at examining the

targeting properties of TP2 was carried out using PEG-

mediated transformation of heterologous Arabidopsis pro-

toplasts (Fig. 2) and smGFP as a fluorescent marker. The

284-bp fragment of the TP2 and processing site was fused

in frame to the coding region of smGFP. The fusion con-

structs were introduced into the protoplasts of Arabidopsis

and their transient expression was observed on epifluores-

cence images. The fused protein (35S:TP2:GFP) was

found to be strongly expressed in chloroplasts, and little or

no fluorescence was detected in the cytoplasm. Green

fluorescent protein without the transit peptide (35S:GFP)

was distributed throughout cytoplasm. This result indicates

that TP2 is capable of targeting protein into the chloroplast.

Spatial activity of the ibAGP2 promoter

An initial investigation of the spatial activity of the

ibAGP2 promoter in ibAGP2:TP2:GUS transgenic

Arabidopsis tissue of three independent transgenic lines

revealed that the GUS staining pattern was similar for all

three lines (Fig. 3). In young plants, the GUS staining was

strong in almost all plant tissues, including the lamina,

cotyledons, hypocotyls, petioles, and primary and second-

ary roots. Microscopic observations revealed that there was

a high level of GUS expression in the epidermis, cortex,

endodermis, and vascular tissue of the root. In mature

plants, GUS expression was strong in the rosette leaves,

inflorescence stems, and lateral inflorescence stems; it was

also high in anther, stigma, sepal, and filament but rela-

tively low in the petal and style. Closer microscopic

examination of the major veins in the lamina revealed

strong GUS staining in the epidermis, collenchyma, vas-

cular bundle sheath, phloem, and xylem cells. Strong GUS

staining was also detected in the pollen grains of the anther

tissue, but GUS expression was relatively low in the epi-

dermis and endothecium cells. These results indicate that

the ibAGP2 promoter activity was high in almost all the

tissues of Arabidopsis.

Effect of TP2 on GUS accumulation

To investigate the effect of TP2 on the accumulation of

GUS protein, we quantified the GUS protein in the rosette

leaves at various growth stages of transgenic Arabidopsis

transformed with ibAGP2:GUS and ibAGP2:TP2:GUS,

respectively (Table 1). b-Glucuronidase protein levels

increased progressively as Arabidopsis plants matured. At

the seedling, vegetative, and reproductive stages, GUS

accumulation in ibAGP2:TP2:GUS Arabidopsis was much

higher than that in ibAGP2:GUS Arabidopsis. The levels

of the enhancing effect of TP2 were distinct among three

developmental stages, with TP2 increasing GUS accu-

mulation by 16-, 11-, and 10-fold at the seedling,

reproductive, and vegetative stage, respectively. These

results indicate that use of TP2 was highly effective in

increasing foreign protein accumulation at each develop-

mental stage, with this effect being most prominent at the

seedling stage.

Fig. 1 Amino acid sequence alignment of AGPase transit peptides

from sweetpotato and other plant species. Amino acid sequence of

TP2 was aligned with TP1 from sweetpotato (Ipomoea batatas;

GenBank accession no. AAS66988) and three other small subunit

AGPase sequences from Solanum tuberosum (GenBank accession no.

P23509), Vicia faba (GenBank accession no. P52417), and Perilla

frutescens (GenBank accession no. AAF66434). The black, gray, and

light-gray backgrounds indicate 100, 80, and 60% identity, respec-

tively. Alignments were performed using GeneDoc software.

Arrowheads indicate the serine and threonine residues. Asterisks
indicate hydrophobic alanine and leucine residues
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Fig. 2 In vivo targeting

properties of TP2. Green

fluorescent protein (GFP) fusion

constructs were transiently

expressed in Arabidopsis
protoplasts at 25�C overnight.

Transformed Arabidopsis
protoplasts are seen as

epifluorescence (GFP) or

autofluorescence on the

chlorophyll (CH) image. Bar
20 lm

Fig. 3 Histochemical analysis of ibAGP2 promoter in transgenic

Arabidopsis. a Seedling. b Leaf of seedling. c Petiole of seedling. d
Hypocotyl of seedling. e Root of seedling. f Cross section of root of

seedling. Ep epidermis, Ct cortex, Ed endodermis, Vt vascular tissue.

g Inflorescence. h Mature rosette leaf. i Cross section of mature leaf.

Ep epidermis, Vb vascular bundle, Co collenchyma, Xy xylem, Vbs
vascular bundle sheath, Ph phloem, Enlarged vascular bundle shown

in the box. j Stamen and carpel. k Petal. l Sepal. m Anther. n Stigma.

o Cross section of anther. Ep epidermis, St Septum, Et Endothecium

cell, Pg Pollen grain, Enlarged pollen grain is shown in the box
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The effect of TP2 on GUS accumulation was also

determined in various tissues at the reproductive stage

(Table 2). At this stage, GUS levels in ibAGP2:GUS

Arabidopsis were relatively high in the lamina, moderate in

the inflorescence, cauline leaf, and lateral inflorescence

stem, and low in the petiole, primary inflorescence stem,

and root. b-Glucuronidase accumulation in ibAGP2:TP2:

GUS Arabidopsis was higher than that in ibAGP2:GUS

Arabidopsis in all the tissues. However, the effectiveness of

TP2 was variable in different tissues: GUS protein levels

increased dramatically in the petiole (19-fold), primary

inflorescence stem (19-fold), and lateral inflorescence stem

(16-fold), whereas the root showed only moderately ele-

vated GUS levels (fourfold). These results indicate that the

transit peptide of ibAGP2 increased foreign protein accu-

mulation in almost all the tissues of Arabidopsis, but its

effectiveness was tissue type-dependent.

Effect of TP2 on GUS transcript levels

To investigate whether the effect of TP2 was attributable to

the elevated levels of GUS transcripts, GUS activity and

mRNA levels were compared in transgenic Arabidopsis

plants transformed with ibAGP2:GUS, ibAGP2:TP2:GUS,

and 35S:GUS, respectively. b-Glucuronidase activity was

determined in the rosette leaves of transgenic Arabidopsis

at the vegetative stage (Fig. 4a). Similar levels of GUS

activity were observed in ibAGP2:TP2:GUS and 35S:GUS

Arabidopsis plants, while GUS activity in ibAGP2:TP2:-

GUS Arabidopsis was 11-fold higher than that of

ibAGP2:GUS Arabidopsis. An RNA gel blot revealed that

the GUS mRNA level in ibAGP2:TP2:GUS Arabidopsis

was higher than that in ibAGP2:GUS Arabidopsis

(Fig. 4b). The difference in mRNA level, however, was

less than 11-fold and, consequently not large enough to

account for the difference in GUS activities between these

two transgenic lines. The GUS mRNA level in

ibAGP2:TP2:GUS Arabidopsis was also significantly

lower than that in 35S:GUS Arabidopsis despite both these

Table 1 The effect of TP2 at various developmental stages

Growth stage GUS activity (nmol mg-1 min-1)a

ibAGP2:GUS ibAGP2:TP2:GUS Accumulation-

fold

Seedling 208.20 ± 06.95 3406.46 ± 108.73 16

Vegetative 528.57 ± 50.60 5035.66 ± 186.76 10

Reproductive 679.00 ± 16.65 7535.88 ± 812.99 11

a Nine independent transgenic plants from three different lines

transformed with each construct were employed for GUS quantifi-

cation. Assays were repeated three times. Data are mean ± SD of 27

rosette leaves

Table 2 The effect of TP2 in various tissues

Tissues GUS activity (nmol mg-1 min-1)a

ibAGP2:GUS ibAGP2:TP2:GUS Accumulation-

fold

Lamina 679.00 ± 016.65 7535.88 ± 812.99 11

PIS 188.67 ± 039.42 3513.31 ± 271.05 19

Petiole 198.07 ± 033.91 3748.83 ± 222.77 19

Root 49.22 ± 012.13 186.18 ± 014.52 4

Inflorescence 437.23 ± 158.57 4620.14 ± 373.03 11

LIS 337.99 ± 164.74 5249.74 ± 782.06 16

Cauline leaf 379.12 ± 157.89 4859.73 ± 671.71 13

Whole plantb 324.19 ± 189.65 4244.83 ± 2056.8 11

PIS primary inflorescence stem, LIS lateral inflorescence stem
a Nine independent transgenic plants from three different lines

transformed with each construct were employed for GUS quantifi-

cation. Assays were repeated three times. Data are mean ± SD of 27

each tissue
b Activity was calculated by adding up the GUS activity of each

tissue

Fig. 4 Effect of TP2 on b-glucuronidase (GUS) protein and mRNA

levels in Arabidopsis plants. a GUS activity in Arabidopsis plants

transformed with ibAGP2:TP2:GUS, ibAGP2:GUS, and 35S:GUS,

respectively. Nine independent transgenic plants from three different

lines transformed with each construct were employed for GUS

quantification. Assays were repeated three times. Data are

mean ± SD of 27 rosette leaves. b RNA gel blot analysis of GUS

transcripts. Twenty micrograms of total RNA from ibAGP2:GUS,

ibAGP2:TP2:GUS, and 35S:GUS transgenic lines was loaded per lane

and hybridized with biotin-labeled GUS probe
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two transgenic lines showing a similar level of GUS

activity. These results imply that the enhancing effect of

TP2 in GUS protein accumulation only partially results

from elevated levels of mRNA.

Discussion

To dissect the effect of TP2 in increasing the foreign

protein accumulation, we characterized assorted tissue

types of ibAGP2:TP2:GUS transgenic Arabidopsis at var-

ious developmental stages.

A comparison of the amino acid sequence of the TP2

with that of four other small subunit AGPase transit pep-

tides showed relatively low levels of sequence identity

(Fig. 1). This is in agreement with the finding that transit

peptide sequences share very little homology in terms of

primary amino acid sequences (von Heijne et al. 1989;

Bruce 2001; Zhang and Glaser 2002). Our comparison of

the amino acid sequence, however, identified three highly

conserved domains in the N-terminal, central, and C-ter-

minal regions, respectively, of the AGPase transit peptide

sequences, suggesting the possibility that these three

domains may be involved in the targeting properties of

those transit peptides. It has been reported that transit

peptides contain multiple motifs that provide either distinct

or possibly overlapping functions (Bruce 2001; Lee et al.

2006). Transit peptides are known to be rich in hydro-

phobic residues and hydroxylated amino acids, such as

serine and threonine (von Heijne et al. 1989; Zhang and

Glaser 2002). We found that hydrophobic alanine and

lysine residues accounted for 23% of the total amino acid

frequency of TP2 and serine and threonine residues for

20%. This feature of TP2 leads us to conclude that TP2 is

most likely a transit peptide. This conclusion is supported

by the fact that TP2 directly targeted GFP to plastids of

Arabidopsis protoplasts (Fig. 2).

TP2 was highly effective in increasing the foreign pro-

tein accumulation regardless of developmental stage and

tissue type (Tables 1, 2), a property it shares with TP1,

which has also been shown to significantly increase GUS

accumulation in transgenic Arabidopsis (Kwak et al. 2007).

However, TP1 and TP2 were found to have different

enhancing levels, with TP1 increasing GUS accumulation

by seven- to eightfold in rosette leaves of the seedling,

vegetative, and reproductive stages (Kwak et al. 2007), and

TP2 elevating GUS protein levels by 10 to 16-fold. TP1

and TP2 have also been found to have different levels of

effectiveness in assorted tissues, with TP1 raising GUS

levels by twofold to ninefold in various tissues, including

lamina, primary inflorescence stem, petiole, root, inflores-

cence, lateral inflorescence stem, and cauline leaf (Kwak

et al. 2007), and TP2 increasing GUS levels by 4 to 19-

fold. Although the effect of TP1 and TP2 was determined

with two different promoters (ibAGP1 promoter for TP1

and ibAGP2 promoter for TP2), these results suggest that

TP2 is more effective than TP1 in elevating foreign protein

accumulation in plastids. The effect of TP1 and TP2 could

be more precisely compared when they are controlled by an

identical promoter.

TP2 increased GUS accumulation in various tissues, but

the levels of the enhancing effect were tissue-specific. TP1

also showed tissue-specific strength in its enhancing effect

(Kwak et al. 2007). These results suggest that the possible

causes of this tissue-specific effect may result from dif-

ferent numbers of plastids in the cells of the different

tissues and/or differential sink strengths in different tissues.

The increasing effects of TP1 and TP2 were equally weak

in the root, which is known to contain relatively low

numbers of plastids. This observation provides further

evidence that the tissue-specific enhancing effects of TPs

may possibly reflect an uneven distribution of plastids in

the cells of different tissue types and distinct sink strengths

in specific tissues. TP1 and TP2, however, exhibited dif-

ferent tissue-specific effects, in that the effect of TP2 was

greatest (19-fold) in the primary inflorescence stem and

petiole, while the effect of TP1 was strongest (ninefold) in

the inflorescence. These results strongly suggest another

possibility that various transit peptide sequences may retain

differential targeting efficiencies according to specific tis-

sue types. In the case of signal peptides, five different

signal peptides from different species have been shown to

have different secretion efficiencies in transiently expres-

sed moss protoplasts (Schaaf et al. 2005).

Studies on transient peptides to date have obtained at least

two controversial effects of transit peptides on the mRNA

levels of the fused genes. Two groups of researchers have

reported that the transit peptide of the Arabidopsis rbcS was

equally efficient in increasing protein [CryIA(c), NPT II and

PAT] levels and the corresponding mRNA levels in trans-

genic tobacco (De Almeida et al. 1989; Wong et al. 1992). In

another study, Bae et al. (2006) reported that although the

transit peptide of Arabidopsis Rubisco activase increased

xylanase accumulation by 250%, the mRNA levels of xy-

lanase were not altered in transgenic Arabidopsis. In our

study, we found that TP2 significantly increased GUS pro-

tein accumulation at various developmental stages and in

assorted tissues (Tables 1 and 2). TP2 also elevated GUS

mRNA levels, although the difference in GUS mRNA levels

was not large enough to account for the difference in GUS

protein levels. This result indicates that the TP2 effect cannot

solely account for the elevated levels of GUS transcripts and

suggests that the TP2 effect may be the result of a synergistic

interaction between the elevated steady-state mRNA levels

in the cytosol and the enhanced stability of the GUS protein

following its encapsulation in the plastids.
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Molecular farming on an industrial scale, for example,

recombinant protein production in a host plant system in

a bioreactor, has received a great attention for its

promising potential in terms of large-scale and eco-

nomically feasible production of valuable pharmaceutical

and industrial proteins. The success of any plant

molecular farming system will depend on the levels of

the final yield. Taking into account the fact that the

effect of transit peptides is developmental stage- and

tissue type-dependent and different transit peptides retain

a distinct effectiveness, the selection of an optimal

transit peptide will certainly contribute to a maximization

of the yield of the final product.
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