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Abstract In our previous study, a transgenic tomato line
that expressed the MIR gene under control of the cauli-
flower mosaic virus 35S promoter and the nopaline syn-
thase terminator (tNOS) produced the taste-modifying
protein miraculin (MIR). However, the concentration of
MIR in the tomatoes was lower than that in the MIR gene’s
native miracle fruit. To increase MIR production, the
native MIR terminator (tMIR) was used and a synthetic
gene encoding MIR protein (sMIR) was designed to
optimize its codon usage for tomato. Four different
combinations of these genes and terminators (MIR-tNOS,
MIR-tMIR, sMIR-tNOS and sMIR-tMIR) were constructed
and used for transformation. The average MIR concentra-
tions in MIR-tNOS, MIR-tMIR, sMIR-tNOS and sMIR-tMIR
fruits were 131, 197, 128 and 287 pg/g fresh weight,
respectively. The MIR concentrations using tMIR were
higher than those using tNOS. The highest MIR accumu-
lation was detected in sMIR-tMIR fruits. On the other hand,
the MIR concentration was largely unaffected by sMIR-
tNOS. The expression levels of both MIR and sMIR
mRNAs terminated by tMIR tended to be higher than those
terminated by tNOS. Read-through mRNA transcripts
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terminated by tNOS were much longer than those termi-
nated by tMIR. These results suggest that zMIR enhances
mRNA expression and permits the multiplier effect of
optimized codon usage.
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GUS  f-Glucronidase
MIR  Miraculin

sMIR  Synthesized MIR
NOS  Nopaline synthase
Introduction

Plants provide many advantages for the production of
valuable heterologous proteins over other production sys-
tems in terms of practicality, economy and safety (Twyman
et al. 2003; Desai et al. 2010). In fact, the production and
storage costs with plant systems are low compared to other
systems such as mammalian cell culture and microbial
fermentation (Desai et al. 2010). Plants are also a conve-
nient system for large-scale production and have a lower
risk of contamination by human pathogenic microorgan-
isms (Giddings et al. 2000; Desai et al. 2010). Additionally,
when target proteins are produced in the edible part of a
plant, the protein can be consumed raw as an edible vac-
cine (Mason et al. 2002). However, the use of plants as
expression hosts has several constraints. The primary lim-
itation is the low level of protein accumulation (Daniell
et al. 2001). Ways of improving transcription and
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translation levels include testing various promoters and
terminators, and optimizing codon usage.

The compatibility of the promoter with the host plant is
crucial for high expression of the target gene (Twyman et al.
2003; Desai et al. 2010). However, the 3’-untranslated region
(UTR) and terminator of the mRNA also influence the
expression level of the target gene by controlling RNA
transcript termination and polyadenylation (Proudfoot 2004;
Gilmartin 2005), and the efficiency of transcription is dif-
ferent with different types of terminators (Ingelbrecht et al.
1989; Nagaya et al. 2010). In fact, the expression level can
change 60-fold depending on the terminator sequence used
in a transient expression assay (Ingelbrecht et al. 1989).

The preferred codon usage varies significantly among
different plant species (Murray et al. 1989). Therefore,
when rare codons for a host plant are used in an introduced
gene, the codon becomes the limiting factor in the trans-
lation process. This restriction is especially strong in the
case of molecular farming in plants, because the aim is
mass production of the target protein. One of the strategies
to increase translation efficiency is to modify the codons
from the original sequence to more suitable ones in the
host plant without changing the amino acid sequence
(Gustafsson et al. 2004). By codon optimization, expres-
sion of the insect control protein gene crylA(b) from
Bacillus thuringienisis was increased up to 100-fold in
transgenic tomato and tobacco (Perlak et al. 1991). More-
over, codon modification of the reductase gene (P450) from
wheat increased its protein accumulation level in trans-
genic tobacco, demonstrating that preferred codon usage is
different among plant species (Batard et al. 2000).

Miraculin (MIR) is a glycoprotein in miracle fruit
(Richadella dulcifica), a shrub originally from West Africa
(Theerasilp and Kurihara 1988). It has the unique property
of changing a sour taste into a sweet taste, although MIR
itself is not sweet. It is possible to provide a safe yet
appetizing diet for diabetic and dieting people who require
a restricted diet by utilizing the taste-modifying behavior of
MIR as an alternative low-calorie sweetener. Most
importantly, this property of MIR can make dieting more
appealing. However, despite its great potential, miracle
fruit production is limited because it is a tropical plant.
Efforts to produce recombinant MIR have succeeded using
plants such as tomato, lettuce and strawberry as a host (Sun
et al. 2006a, 2007; Sugaya et al. 2008). Among these
species, tomato was the most suitable host for MIR pro-
duction (Yano et al. 2010). The level of MIR accumulation
remained steady over multiple generations, and the intro-
duced MIR gene was stably inherited (Yano et al. 2010). In
the studies, the MIR gene was driven by a cauliflower
mosaic virus (CaMV) 35S promoter and terminated by the
nopaline synthase (NOS) terminator, and the MIR content
was <1% of total soluble protein in the transgenic tomato
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fruit (Sun et al. 2007). In contrast, the MIR content
in miracle fruit is around 10% of total soluble protein
(Theerasilp and Kurihara 1988). It means that recombinant
MIR protein is produced in miracle fruit more efficiently.
Therefore, to improve transcript efficiency, we isolated the
MIR terminator and used it instead of the NOS terminator
to produce MIR in transgenic tomatoes. In addition, the
codon usage of the MIR gene was optimized to reflect
frequently used codons in the tomato, and the effect on the
translation process was evaluated.

Materials and methods
Isolation of the MIR terminator

Aliquots (4 pg) of genomic DNA isolated from miracle
fruit leaves as described by Rogers and Bendich (1985)
were digested with the restriction enzymes EcoRV, Pvull
and Scal, ligated with the specific sequence adapter using
Ligation high (TOYOBO, Osaka, Japan) and then used as a
template for polymerase chain reaction (PCR) amplifica-
tion. To determine the MIR terminator sequences, PCR was
performed using LA Taq (Takara-Bio Inc., Otsu, Japan)
with an adapter-specific primer (AP1) and MIR-specific
primers (MIR1-1, MIR1-2), and then nested PCR was
performed with the adapter-specific primer (AP2) and an
MIR-specific primer (MIR2). The PCR products were
ligated into pGEM®-T Easy vector (Promega, Madison,
WI, USA) and sequenced. The primer sequences were
adapter, 5-GTAATACGACTCACTATAGGGCACGCG
TGGTCGACGGCCCGGGCTGGT-3; APl1, 5-CCATC
CTAATACGACTCACTATAGGGC-3'; AP2, 5-CTATA
GGGCACGCGTGGT-3'; MIR1-1, 5~ ACAACTCTGGGT
GGACAAACGAAGCTGCCGTT-3'; MIR1-2, 5-GGAGT
TTCTCTCCGTCTATGTCAAGAACCGGATTG-3'; and
MIR2, 5-GCCGAATCCGCTGCACTAAGCAGTGGT
TT-3'.

Characterization of the MIR terminator

To assay the termination efficiency of different length MIR
terminators, a transient assay was performed. MIR termina-
tor fragments of 147, 278, 508 and 1,085 bp were amplified
by PCR using an added forward primer Sacl restriction site
and an added reverse primer EcoRlI restriction site (Table 1,
Fig. 1). Each MIR terminator fragment was used to replace
the NOS terminator fragment in plasmid pBI121 by insertion
between its Sacl and EcoRI restriction sites. The resulting
plasmids, named 147, 1278, t508 and 11085, contained the
p-glucuronidase (GUS) gene flanked by the MIR terminator
and under control of the CaMV 35S promoter. Each plasmid
and pBI121 as a control was transferred to Agrobacterium
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Table 1 Sequences of

. . . Name
oligonucleotides used in the

Sequence (5 to 3')

study tMIR-start

tMIR-146R
tMIR-287R
tMIR-508R
tMIR-1085R
MIR-start
MIR-stop
sMIR-start
sMIR-stop
tNOS-R
tMIR-R
LB-R1
LB-R2

Restriction enzyme recognition
sites in sequences are shown in
bold font

TCTAAGGAGCTCTTGGGTTTGGGGGTGGTTTTTCCA
GCCAGTGAATTCTCGTACACGTCAGAAACACAACGCT
GCCAGTGAATTCACACTCTACTTGTGCTTTCTTGCAC
GCCAGTGAATTCCTACAACGTTACGAAACGTTCCTTAA
GCCAGTGAATTCGTCGCTGAATAAAGGTTAGTATTGA
CACCCAATCCGGTTCTTGAC
TTAGAAGTATACGGTTTTGTTGAACTCGAATG
GAGCTTACGATGCTTTCTCTTAGC
TATCAGAAAGTGCCAATCGACGC
TCCTAGTTTGCGCGCTATATTT
CGTTCCTTAATGTGTGTTCAAG
ATTCAGGCTGCGCAACTG
GGTGCCGTAAAGCACTAAATC

tumefaciens GV2260 (Deblaere et al. 1985) using the method
of Shen and Forde (1989).

Sterilized tomato seeds (Solanum lycopersicum cv.
Micro-Tom) were sown on Murashige and Skoog’s med-
ium (1962) and cultured at 25°C with 16 h of light per day
for 10 days. Cotyledons of the seedlings were inoculated
with plasmid-containing Agrobacterium and co-cultivated
according to Sun et al. (2006b). After co-cultivation for
3 days, inoculated cotyledons were washed with sterilized
water to remove the Agrobacterium and a GUS assay was
performed according to the method of Jefferson et al.
(1987) to evaluate the influence of the MIR terminators of
different lengths on expression efficiency.

Codon modification of the MIR gene

The codon usage table for tomato (http://www.kazusa.
or.jp/codon/index.html) was used to eliminate rare codons
(less than 10%) in the MIR gene. ATTTA sequences, which
are known to destabilize transcripts (Gutiérrez et al. 1999),
were also removed. Additionally, mRNA secondary
structure formation was minimized by original software of
Invitrogen. The optimized MIR gene was synthesized by
outsourcing (Invitrogen, Tokyo, Japan) and was cloned into
pUCminusMCS. When the optimized MIR gene was syn-
thesized, Xbal and Sacl restriction sites were added to the
5" and 3’ ends of the gene, respectively. Native MIR and
synthetic sMIR share 73% identity at the nucleotide
sequence level (Fig. 2).

Construction of plasmids and transformation
into tomato

To evaluate the individual influences of the MIR terminator
and the codon-modified MIR gene on MIR accumulation in
tomato, we prepared four different constructs for introduction

into tomato by combining either MIR or sMIR with either the
508 bp MIR terminator (tMIR) or the NOS terminator (tNOS):
MIR-tNOS, MIR-tMIR, sMIR-tNOS and sMIR-tMIR.

The native MIR gene was isolated from genomic DNA of
miracle fruit leaves based on the published DNA sequence of
MIR (GenBank accession number AB512278). A pair of
specific primers (forward primer: 5-TTTTTTTCTAGA
ATGAAGGAATTAACAATGCT-3', and reverse primer:
5"-TTTTTTGAGCTCTTAGAAGTATACGGTTTTGT-3')
containing Xbal and Sacl sites, respectively, was used to
amplify the coding region of MIR. The amplification reaction
using KOD-Plus (TOYOBO, Osaka, Japan) consisted of
94°C for 3 min, 35 cycles of amplification (94°C for 15 s,
56°C for 25 sand 68°C for 50 s) and a final extension at 68°C
for 10 min. The PCR product was cloned into the Xbal and
Sacl sites of pBI121 after removing the GUS coding region
via the restriction enzyme sites. The sMIR gene was sub-
cloned from pUCminusMCS into pBI121 using the Xbal and
Sacl sites in the same way as with MIR. The MIR terminator
(508 bp) used to assess the terminator as described above
was cloned into the Sacl and EcoRI sites of pBI121 con-
taining MIR or sMIR after eliminating the NOS terminator
fragment. In these constructs, MIR and sMIR gene expres-
sions are driven by the constitutive CaMV 35S promoter.

The constructed plasmids were transferred into Agro-
bacterium as described above. Using Agrobacterium with
the introduced plasmid, tomato (Solanum lycopersicum cv.
Micro-Tom) plants were transformed as described by Sun
et al. (2006b, 2007).

Genomic southern blot analysis
To confirm the copy number of the MIR or sMIR gene and the
neomycin phosphotransferase II (NPTII) gene in transgenic

tomato, genomic DNA was isolated using Maxwell® 16
DNA purification kits according to the manufacturer’s

@ Springer


http://www.kazusa.or.jp/codon/index.html
http://www.kazusa.or.jp/codon/index.html

116

Plant Cell Rep (2011) 30:113-124

10 20 30 40 50 60 70 80 90 100
TTGGGTTTGG GGGTGGTTTT TCCAATCACA TCTCATGTAT GATCAGCTCC ATTATCGATC TGCATAATTA TAATTAATAA GGAAGCTTTT AAATTTCTTG
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TTACTAATTA ATGTTGCAAT AAGCGTTGTG TTTCTGACGT GTACGAAGTA TCTGGGATTG GAACCGTGCG GAACACAGTA AATCGGCGTG CGGCTGAGTT
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Fig. 1 Efficiency of gene expression with MIR terminators of various
lengths in transfected tomato cotyledons. a Sequence alignment of the
identified MIR terminator. Arrows indicate the positions and directions
of the primers used for the transient assay. Double lines show the
typical polyadenylation signal AATAAA. b T-DNA region of pBI121
used for the transient assay. The various lengths of the MIR terminator
and NOS terminator were fused to the GUS gene under control of the
CaMV35S promoter. LB and RB, the left and right borders of the

protocol (Promega, Tokyo, Japan). Isolated genomic DNA
(10 pg) was digested using the restriction enzyme Xbal
(which cleaves only once outside the MIR gene), separated
by electrophoresis on a 1% agarose gel and then transferred
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T-DNA region, respectively; pNOS, NOS promoter; NPTII, neomycin
phosphotransferase gene; tNOS, NOS terminator; p35S CaMV 35S
promoter. ¢ GUS activity in tomato cotyledons with MIR terminators
of various lengths. GUS activity is expressed as the amount of the
reaction product 4-methyl umbelliferone (4MU) per ten pieces of
tomato cotyledon segments. Vertical bars show the standard error
from three replications. t/47, 147 bp terminator of the MIR terminator;
1278, t508 and 11085 are abbreviated in the same manner as /47

to a Hybond-N+ nylon membrane (GE Healthcare, Tokyo,
Japan). Hybridization was performed overnight in high-SDS
buffer (50% deionized formamide (v/v)), 5 x SSC, 7%
SDS, 2% Blocking Regent (Roche, Tokyo, Japan), 50 mM
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MIR (AB512278) 1 ATGAAGGAAT TAACAATGCT
ML TR
Synthesized MIR (SMIR) 1 ATGAAAGAGC TTACGATGCT

MIR 61 GCGGCCAACC CACTGCTTAG
TR
SMIR 61 GCCGCAAATC CACTTCTAAG

MIR 121 GGAGAGAAAC TCCGGACGGG
IR
SMIR 121 GGTGAGAAAC TTCGAACAGG

MIR 181 GGCGGCCTTA CAGTATCCGC
o TN
SMIR 181 GGAGGGTTAA CTGTGTCTGC

MIR 241 GTCCAAACAC GAAAGGAGGT
IR
SMIR 241 GTACAAACTA GGAAAGAGGT

MIR 301 AAGGAAGACG TTGTTCGAGT
e Il
SMIR 301 AAAGAGGATG TGGTACGTGT

MIR 361 TGTCGTTGGA CCAGTTCCAC
N R A
SMIR 361 TGCAGGTGGA CAAGCTCAAC

MIR 421 TACTTCGTGA CCATCGGCGG
FEUCE TEEE 1 it 1
SMIR 421 TACTTTGTGA CAATCGGAGG

MIR 481 TTTAAGATTG AGGAGTTTTG
FECEEEET THEn
SMIR 481 TTCAAGATTG AGGAGTTTTG

MIR 541 TGTGGTTCCT GCAAAGTAAA
CEEEE THEE Tt 1
SMIR 541 TGTGGATCCT GCAAAGTTAA

CTCTCTCTCG TTCTTCTTCG TCTCTGCATT GTTGGCAGCA 60
(NN [l (R N E RN
TTCTCTTAGC TTTTTTTTTG TATCTGCTTT GTTGGCAGCC 60

TGCAGCGGAT TCGGCACCCA ACCCGGTTCT TGACATAGAC 120
Freee RRN (R R R R N R B
TGCAGCCGAC AGCGCACCTA ACCCCGTTTT GGATATCGAC 120

GACCAATTAT TACATTGTGC CGGTGCTCCG CGACCATGGC 180
[ T O T A O B A Il Il
TACAAACTAC TATATCGTTC CTGTTCTTAG GGATCATGGT 180

CACCACCCCC AACGGCACCT TCGTTTGTCC ACCCAGAGTT 240
et e FEEE T e e reend
AACTACTCCT AACGGGACGT TCGTGTGCCC ACCAAGAGTC 240

CGACCACGAT CGCCCCCTCG CTTTCTTTCC AGAGAACCCA 300
LI I O e e A B R O O B e A R N N
TGACCATGAC CGACCTTTAG CCTTTTTCCC GGAAAATCCA 300

CTCCACCGAT CTCAACATCA ATTTCTCGGC GTTCATGCCC 360
e e er i (RN A N RN AR
TAGTACGGAT CTAAATATAA ATTTTTCCGC TTTCATGCCT 360

CGTGTGGCGG CTCGACAAAT ACGATGAATC CACGGGGCAG 420
(AR AR Frrrer te e e el
AGTATGGAGA TTGGATAAGT ATGATGAGTC TACAGGACAG 420

TGTCAAAGGA AACCCAGGTC CCGAAACCAT TAGTAGCTGG 480
et e e Tl 11
AGTTAAGGGG AATCCCGGGC CCGAGACTAT TTCATCTTGG 480

TGGTAGTGGT TTTTACAAGC TTGTTTTCTG TCCCACCGTT 540
I e Terrrerrer reer e e rer e
TGGCTCAGGG TTTTACAAGC TTGTGTTTTG TCCTACAGTA 540

ATGCGGAGAT GTGGGCATTT ACATTGATCA GAAGGGAAGA 600
FEEEEEEE 1Treen 1l Lt rreer
GTGCGGA\GAC GTGGGTATAT ATATCGATCA AAAGGGTAGG 600

MIR 601 AGGCGTTTGG CTCTCAGCGA
TR 1
SMIR 601 CGTCGATTGG CACTTTCTGA

7
TAAACCATTC GCATTCGAGT TCAACAAAAC CGTATACTTC 660
FEEEEE tre e vreerer e rreer e el
TAAACCTTTC GCTTTCGAGT TTAATAAAAC TGTTTATTTT 660

T~
MIR 661 TAA 663
|
SMIR 661 TGA 663

Fig. 2 DNA sequence comparison of the codon-modified sMIR coding region with the native MIR from miracle fruit. All codons of sMIR were
optimized on the basis of the codon usage table for tomato. Arrows indicate the positions and directions of the primers used for gRT-PCR

sodium phosphate (pH 7.0), and 0.1% N-lauroylsarcosine
sodium salt (w/v) containing a gene-specific DIG-labeled
probe at 45°C. Probes were prepared with a PCR DIG Probe
Synthesis Kit (Roche, Tokyo, Japan) following the manu-
facturer’s protocol. The hybridization signal was detected by
chemiluminescence using CDP-Star (Roche, Tokyo, Japan)
followed by exposure in the LAS 4000 Mini Image Analyzer
(Fujifilm Co. Ltd., Tokyo, Japan).

Immunoblot analysis and enzyme-linked
immunosorbent assay (ELISA)

Tomato fruits were harvested during the red stage from
MIR or sMIR and NPTII single-copy plants and ground to

powder under liquid nitrogen. The protein was extracted as
described previously by Hirai et al. (2010). Using the
extracted protein, immunoblot analysis and ELISA were
performed according to Sun et al. (2007) and Kim et al.
(2010), respectively.

Quantitative reverse transcription-PCR (qRT-PCR)
analysis

The expression levels of the MIR and sMIR transcripts in
the transgenic tomato plants were determined by qRT-PCR.
Total RNA was isolated from red fruits that were the same
fruits used for immunoblot analysis and ELISA using
the RNeasy Plant Mini Kit (Qiagen, Tokyo, Japan) with
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RNase-free DNase (Qiagen, Tokyo, Japan). The first-strand
cDNA was synthesized from extracted total RNA (0.5 pg)
using the SuperScript™ III First-Strand Synthesis System
(Invitrogen, Tokyo, Japan) with Oligo (dT),, primer. Ten-
fold diluted first-strand cDNA was used as a template for
the reaction with SYBR Premix Ex Taq II (Takara-Bio
Inc., Otsu, Japan) on the Thermal Cycler Dice Real Time
System TP800 (Takara-Bio Inc., Otsu, Japan) following the
manufacturer’s instructions. The qRT-PCR was subjected
to 40 cycles of 95°C for 5 s and 57°C for 30 s. Relative
quantification of MIR and sMIR gene expression was cal-
culated by normalization to Slubiquitin3 gene (GenBank
accession number X58253) expression, which has been
used as an internal control in tomato expression analysis
(Hackel et al. 2006; Chincinska et al. 2008). Primer
sequences were as follows: MIR forward, 5-CCTGCAAA
GTAAAATGCGGAGA-3' and reverse, 5-AACTCGAAT
GCGAATGGTTTATC-3'; sMIR forward, 5'-CCTGCAAA
GTTAAGTGCGGAGA-3" and reverse, 5'-AACTCGAAA
GCGAAAGGTTTATC-3'; and ubiquitin forward, 5'-CA
CCAAGCCAAAGAAGATCA-3 and reverse, 5-TCAGC
ATTAGGGCACTCCTT-3'. The MIR and sMIR primer
sets were designed at the same sequence position
although these primer sequences were not completely
consistent.

Transcription termination of the MIR and sMIR
transcripts harboring NOS or MIR terminators

To evaluate the influence of different terminators on tran-
scription termination, RT-PCR was performed with several
sets of primers specific to each gene using the GoTaq®
Green Master Mix (Promega, Tokyo, Japan). cDNAs syn-
thesized for qRT-PCR were used as a template. The
amplification reactions consisted of 95°C for 3 min, 35
cycles of amplification (95°C for 30 s, 55°C for 30 s and
72°C for 2.5 min) and a final extension at 72°C for 7 min.
The primers used are described in Table 1. MIR or sMIR
mRNA’s polyadenylation sites of each transgenic tomato
from four different constructs and miracle fruit were
detected using 3'-full RACE core set (TAKARA, Tokyo,
Japan) as described in the manual. Total RNA was used to
synthesize single-strand cDNA and amplified with PCR
using gene-specific primers containing BamHI or Kpnl
sites for cloning: BamHI-MIR, 5-ACGGACGGA
TCCAAAGGAAGACGTTGTTCGAGTCTC-3';  Kpnl-
sMIR, 5'-ACGGACGGTACCTTTCATGCCTTGCAG
GTGGACAAG-3'. Clones that confirmed the insertion by
colony PCR were analyzed by the sequence with gene-
specific primers: MIR-seq491F, 5-AGATTGAGGAGT
TTTGTGGTAGTGG-3, sMIR-seq491F, 5'-AGATTGAG
GAGTTTTGTGGCTCAGG-3'.
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Results

Efficiency of GUS activity with MIR terminators
of various lengths

We isolated a 1,953 bp fragment containing the MIR ter-
minator, from which a sequence of 1,085 bp was used to
evaluate its terminator function. The sequence included
three typical polyadenylation signals (AATAAA) (Fig. 1a).
Different length fragments of the terminator (146, 287, 508
and 1,085 bp) were bound downstream of the GUS-coding
region and transferred to tomato cotyledon explants
(Fig. 1b). When the MIR terminator fragment was over
508 bp, transient GUS expression (observed as a blue
spot of GUS activity) was stronger than with the NOS
terminator (data not shown). Similarly, GUS activity
(as determined based on 4-methyl umbelliferone [4MU]
accumulation) relative to that with the NOS terminator was
higher with the 508 and 1,085 bp fragments and lower with
the 146 and 287 bp fragments (Fig. 1c).

Production of transgenic tomato plants accumulating
recombinant MIR protein

To assess the effects of codon optimization and use of the
MIR terminator on MIR accumulation, four different con-
structs were created combining MIR or sMIR with the 508 bp
MIR terminator sequence or the NOS terminator (MIR-tNOS,
MIR-tMIR, sMIR-tNOS and sMIR-tMIR). In these constructs,
MIR and sMIR gene expression are driven by the constitutive
CaMV 35S promoter. Tomato cotyledons were transformed
by infection with Agrobacterium containing the binary
vector of each construct and then transformed tomato shoots
were selected while rooting on medium including kanamy-
cin. Kanamycin-resistant tomato lines were regenerated on
selective medium, and the integration of the MIR gene in
these plants was confirmed by southern blot analysis after
selection of diploids using the ploidy test and by investiga-
tion of MIR accumulation via western blot analysis. Even-
tually, seven to 11 independent transgenic tomato lines were
obtained as single-copy MIR or sMIR plus NPTII plants for
each of the four constructs (Fig. 3).

Accumulation of recombinant MIR protein
in transgenic tomato fruit

The concentration of recombinant MIR protein was mea-
sured with ELISA (Fig. 4). When the MIR terminator was
used, the concentration in MIR-tMIR fruits was 1.5 times as
high as that in the control (MIR-tNOS) fruits. Moreover, the
highest effect on MIR concentration was detected in sMIR-
tMIR fruits, in which the MIR concentration was 2.2 times
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NPTII probe

Fig. 3 Southern blot analysis of the MIR, sMIR and NPTII genes in
transgenic tomatoes. DNA (10 ng) was digested with Xbal and
detected with DIG-labeled probes from the coding sequences of MIR,
sMIR or NPTII. Lane numbers show independent transgenic tomato
lines (T() with each of the different constructs: MIR-tNOS, MIR-tMIR,

SMIR-tNOS, sMIR-tMIR. Tomato lines with the same number are
clones. Upper and lower photos show the data for MIR or sMIR with
the NPTII marker, respectively. M, marker (DNA Molecular Weight
Marker II, DIG-labeled; 125, 564, 2,027, 2,322, 4,361, 6,557, 9,416
and 23,130 bp)
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Fig. 4 MIR concentrations in transgenic tomatoes. Recombinant
MIR protein was extracted from three to five red-ripe fruits from
independent transgenic plants and the concentration was measured by
ELISA. The numbers under the columns show the independent

higher than that in control fruit. In contrast, the MIR level
in sMIR-tNOS fruits was almost the same as that in MIR-
tNOS fruits. Western blot analysis of MIR protein levels
reflected the ELISA results and also revealed that the
molecular size of the signal from recombinant MIR was
coincident with that of MIR purified from miracle fruit
(data not shown).

Expression of the MIR and sMIR genes in transgenic
tomato fruit

MIR and sMIR mRNA expression levels were detected by
qRT-PCR. These sequences had 73% nucleotide homology
(Fig. 2). Therefore, we were not able to design a primer set

transgenic tomato lines identified as in Fig. 3. The presented data
under the construct names are the mean =+ standard errors (SE).
Alphabets indicate significant differences based on Tukey—Kramer’s
Multiple Comparison test (P < 0.01)

of completely as the same sequence for qRT-PCR. They
had two mismatches in each of the forward and reverse
primers. The two different primer sets were confirmed by
amplification efficiency and characterization. When the
NPTII primer set was used as a control, the standard curves
of the MIR and sMIR primer sets exhibited almost the same
slope and intercept as the standard curves of the NPTII
primer set using either the MIR or sMIR plasmid as a
template. Thus, these primer sets were used for qRT-PCR.

The expression levels of the mRNAs tended to be
stronger when they were terminated by the MIR terminator
than by the NOS terminator: compare MIR-tMIR to MIR-
tNOS or sMIR-tMIR to sMIR-tNOS (Fig. 5). In addition, the
expression of MIR mRNA was approximately two times
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Fig. 5 Relative quantification of MIR and sMIR expression in
transgenic tomatoes. MIR or sMIR mRNA was isolated from the
same fruits used for Fig. 4, and the expression level was detected by
real-time quantitative RT-PCR. The numbers under the columns show

higher than that of sMIR mRNA when the terminator was
the same.

Transcription termination with different terminators

To assess the effects of these terminators, read-through
lengths were analyzed using RT-PCR. Transcription read-
through was detected at the end of the NOS terminator with
the MIR-tNOS and sMIR-tNOS mRNAs (Fig. 6a), and some
of transcripts were detected around the left border. On the
other hand, utilization of the MIR terminator did not induce
read-through, at least up to the end of the MIR terminator.
Subsequently, two sets of primers were designed inside the
region of the MIR terminator and used for detailed inves-
tigation of the lengths of MIR and sMIR transcripts. mRNA
read-through was verified at 146 bp on the MIR terminator
with the MIR-tMIR and sMIR-tMIR constructs (Fig. 6b),
and some read-through were also detected at 287 bp.

We also identified the polyadenylation sites using 3’
rapid amplification of cDNA ends (RACE). The major sites
were at 57, 151 and 166 bp in MIR-tNOS mRNA and, at 99
and 111 bp in MIR-tMIR mRNA with referrence to bases
downstream from the stop codon (Fig. 7). In sMIR-tNOS
and sMIR-tMIR mRNAs, the major sites were almost at the
same position in MIR-tNOS and MIR-tMIR, respectively.
The sites of native MIR mRNA from miracle fruit were at
104 and 105 bp close to those of MIR-tMIR and sMIR-tMIR.

Discussion

The terminator sequence plays a key role in transcript
termination, mRNA stability and mRNA modifications

@ Springer

the independent transgenic tomato lines identified as in Fig. 3. The
presented data under the construct names are the mean + standard
errors (SE). Alphabets indicate significant differences based on
Tukey—Kramer’s Multiple Comparison test (P < 0.01)

such as capping, splicing and polyadenylation (Proudfoot
2004; Gilmartin 2005; Desai et al. 2010). Consequently, it
also regulates by these functions the level of mRNA
expression and protein accumulation. In particular, poly-
adenylation is important for the regulation of mRNA sta-
bility, transportation and translation (Jackson and Standart
1990; Zarudnaya et al. 2003). We identified and analyzed a
1,086 bp fragment containing the MIR terminator. Three
AAUAAA motifs—this motif being a well known, typical
polyadenylation signal—were found in this sequence. GUS
activity in a transient assay was almost equivalent with
t507 and t1086 even though the AAUAAA signal is not
contained in the 507 sequence (Fig. 1). Plants can recog-
nize AAUAAA-like signals with a high degree of sequence
variation (Rothnie et al. 1994), and more than ten
AAUAAA-like signal sequences were confirmed in the
t507 sequence. Some of these signals may contribute to
polyadenylation.

Different types of terminators influence gene expression
levels (Ingelbrecht et al. 1989; Nagaya et al. 2010). A
terminator derived from the heat shock protein 18.2 gene
increased mRNA expression levels 2.5-fold and 1.5-fold
over that with the NOS terminator in transient assays using
protoplasts of Arabidopsis and rice, respectively (Nagaya
et al. 2010). In this study, the expression levels of both the
MIR and the sMIR genes were enhanced using the MIR
terminator instead of the NOS terminator (Fig. 5). This
result was also reflected in recombinant MIR protein levels
(Fig. 4). We used RT-PCR to confirm that mRNAs of
varying lengths were detected with the NOS terminator.
However, this variation was considerably less using the
MIR terminator. Additionally investigation of the polyad-
enylation sites indicated that mRNAs analyzed for the
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each arrow and the size of the
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terminator; tMIR, MIR
’ g 663 16) (252 642 25) (bp)
terminator; LB, left border (663) 16) (252) 642) @5 P
a W MIR-start (sMIR-start) / MIR-stop (sMIR-stop)
b 2216 (333 bp) MIR-start (sMIR-start) /tNOS-R | primer
Cc P TRE— MIR-start (sMIR-start) / LB-R1 sets
p P
d VTR eTETT) MIR-start (sMIR-start) / LB-R2
p P
| MIR(sMIR) || tMIR | 8]
©663) (16)  (07) (642) (25) (bp)
a W MIR-start (sMIR-start) / MIR-stop (sMIR-stop)
b Toee b L) MIR-start (sMIR-start) / tMIR-R
p p
C 236 bp (1283 bp) MIR-start (sMIR-start) / LB-R1 primer
d TR MIR-start (sMIR-start) / LB-R2 sets
e ey — MIR-start (sMIR-start) / tMIR-146R
p p
f MIR-start (sMIR-start) / tMIR-287R

862 bp (909 bp)

3/-UTR from MIR terminator were shorter than the major
one (166 bp) from NOS terminator and the size variation
was less like that from miracle fruit than that of NOS ter-
minator. On the other hand, we were not able to find the
longer read-through mRNAs such around 268 bp at NOS
terminator (Fig. 6a, lane b) and 146 bp at MIR terminator
(Fig. 6b, lane e) with reference to bases downstream from
the stop codon among the detected polyadenylation sites.

The longer mRNAs identified with RT-PCR (Fig. 6a, b)
might be minor. These results indicate that the capacity for
transcription termination of the MIR terminator is greater
than that of the NOS terminator. The increased MIR
accumulation in this study may be the result of a change in
mRNA stability due to either transcript termination or the
MIR terminator sequence itself that further influences the
production of protein.
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Fig. 7 Polyadenylation sites of
transcripts from MIR and sMIR
transgenes and native MIR gene
of miracle fruit. 3’-RACE was
performed using cDNA
prepared from #1 and #2
transgenic lines for each
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The NOS terminator from the Ti plasmid of Agrobac-
terium 1is universally used in various expression vectors
when genes are transformed into a plant. In fact, this ter-
minator is used in some commercialized transgenic crops
given herbicide-tolerance and/or resistance to a pest,
including soybean, corn, rape, cotton and potato. It is well
known that failure to terminate transcription, and read-
through of transcription occurs beyond the NOS terminator
(Windels et al. 2001). Read-through transcripts may con-
tain an open reading frame (ORF) other than the target
gene and sometimes unknown peptides from the ORF are
produced (Rang et al. 2005). In the case of transgenic
plants for human consumption, the existence of an addi-
tional peptide outside of the target protein is not suitable
for commercial use. Read-through can also cause tran-
scriptional interference of genes located downstream of the
terminator (Ingelbrecht et al. 1991). Thus, the function of
transcript termination is crucial not only for tuning
expression levels but also for avoiding improper peptide
production and transcriptional interference. In addition to
these points, the MIR terminator is derived from an edible
plant, the miracle fruit. Our results have provided one of
the most useful terminators for commercial use.

Optimization of codon usage is frequently used when a
gene introduced into a host plant is derived from another
organism such as fungi (Xue et al. 2003; Peng et al. 2006),
bacteria (Perlak et al. 1991) or animals (Rouwendal et al.
1997) because codon preferences are quite different in
these kingdoms. In plants, it is also different not only
between monocots and dicots but also between the nucleus
and the plastid of the same plant (Batard et al. 2000;
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Kawabe and Miyashita 2003; Liu and Xue 2005). There-
fore, modifying codons to suit the host may significantly
improve the production of a target protein, especially when
rare codons are used in the heterologous gene. We opti-
mized the codons of the MIR gene to make it suitable for
tomato. As a result, the production of recombinant MIR
protein in sMIR-tMIR fruits was higher than that in MIR-
tMIR fruits, although the expression of sMIR mRNA was
low compared to that of MIR-tMIR, suggesting that the
improvement in translation efficiency exceeded the decline
in transcription efficiency (Fig. 4). Similar results were
observed between sMIR-tNOS and MIR-tNOS fruits. The
expression of MIR mRNA in MIR-tNOS was higher than
that of sMIR mRNA in sMIR-tNOS, but the MIR produc-
tivity was almost the same. From another standpoint, the
SMIR transcript levels were approximately half than those
of MIR using either the NOS or the MIR terminator;
however, the impact on translation of codon optimization
was higher when using the MIR terminator than using the
NOS terminator (Figs. 4, 5). These results imply that
mRNA terminated by the NOS terminator causes a decline
in translational efficiency.

In this study, the sMIR transcript levels of sMIR-tNOS
and sMIR-tMIR fruits reduced compared to that of MIR.
Some reports indicate that a sequence of 5'-UTR and the
amino acid sequence of the first exon coding region
influence transcription initiation, transcriptional efficiency
and mRNA stability (Chiba et al. 1999; Gutiérrez et al.
1999; Suzuki et al. 2001; Matsuura et al. 2008). However,
it is unknown if ORF sequences themselves have any effect
on transcription. The unknown character of ORF sequences
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may be responsible for the decline in the amount of sMIR
transcripts. Another possibility is that the secondary
structure of mRNA may influence mRNA stability. The
codons of the MIR gene were thoroughly modified.
Therefore, there is a possibility that some changed
sequences were critical for transcriptional efficiency and
mRNA stability. Either way, further study is required to
understand this mechanism. If the transcript level can be
increased by further optimization of the MIR gene, higher
production of recombinant MIR protein might be achieved
using the MIR terminator.

In conclusion, we succeeded at producing transgenic
tomatoes with recombinant MIR at concentrations up to
340 pg/g fresh weight using the MIR terminator and codon
optimization of the MIR gene, although the concentration
was almost 100 pg/g fresh weight in our previous study
(Sun et al. 2007; Hirai et al. 2010; Yano et al. 2010).
Additionally, we suggest that the identified MIR terminator
is useful for increasing the level of transcription, improving
translational efficiency by codon modification and
improving the quality of the mRNA. These factors play a
key role in the final productivity.
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